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“When a distinguished but elderly scientist states that something is possible,
he is almost certainly right. When he
states that something is impossible, he
is very probably wrong.”
“The only way of discovering the limits
of the possible is to venture a little way
past them into the impossible.”
“Any sufficiently advanced technology
is indistinguishable from magic.”

Sir Arthur C. Clarke

Summary
Electrochemical double layer capacitors (EDLCs) are ideal short-term electric
energy storage devices for either stationary or portable applications. EDLCs
have fast response time and are therefore typically used in power quality /
reliability applications, such as providing transient voltage stability, as well as
for bridging power, such as providing peak power. However, the limited energy
density of currently employed EDLC technology restricts the use of EDLCs.
The energy of an EDLC is stored within the electric field of the electrochemical
double layer which is formed at each electrode. Therefore, the total capacitance
scales with the available specific surface area of the electrodes.
A recently discussed electrode material is graphene, which provides, among an
excellent electrical conductivity, a theoretical specific surface area of 2630 m2 g−1 .
This value takes into account that both sides of a graphene sheet are accessible
and thus, are able to form an electrochemical double layer.
In the present work, a feasible way to utilize graphene for EDLC electrodes is
demonstrated. Starting from graphite oxide (GO) two different graphene based
structures were investigated:
1. Partially reduced graphite oxide (GOpr), this is a thermally reduced
GO which can be described as chemically modified expanded graphite.
2. Partially reduced graphene oxide paper (GOPpr) and GOPpr
composites (cGOPpr), which are based on thermally reduced graphene
oxide membranes synthesized via flow-directed filtration of aqueous graphene
oxide dispersion.
As part of this work both GO as well as GOPpr were investigated by analytical
techniques as e.g. nitrogen gas sorption, X-ray diffraction, Raman spectroscopy
and elemental analysis. The characterization of the physical and chemical properties of GO and GOPpr revealed the materials to have an increased interlayer
spacing d001 of 3.4 to 4.5 Å as well as an decreased carbon to oxygen ratio.
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Thus, these materials could be described as partially oxidized graphene-like
layers stacked to macroscopically structures.
Electrochemical characterization techniques as cyclic voltammetry and galvanostatic cycling were employed to investigate the application relevant parameters like the specific capacitance. Using aprotic electrolytes, the electrochemical
characterization of GOpr and GOPpr revealed that the materials need to undergo an electrochemical activation in order to yield capacitance. In case of
the aprotic EDLC electrolyte 1M tetraethylammonium tetrafluoroborate in acetonitrile (1M TEABF4 / AN) activated GOpr demonstrated for single electrode
measurements specific capacitance of up to 220 Fg−1 . Further investigations of
an activated GOpr full cell achieved a specific capacitance of 195 Fg−1 , which is
among the best specific capacitance values for aprotic electrolytes published to
date. In addition GOpr was also characterized for the use of lithium electrolytes
as 1M lithium perchlorate in acetonitrile (1M LiClO4 / AN). These investigations revealed a high affinity of GOpr to reversibly insert and release lithium,
resulting in a specific capacitance of 324 Fg−1 (207 mAhg−1 ). Hence, GOpr
seemed to be not only a promising electrode material for EDLCs but also for
Li-capacitors.
The electrochemical characterization of GOPpr revealed the flexible graphene
paper to have a similar specific capacitance as GOpr, but only for the positive
polarization. GOPpr exhibited a specific capacitance of up to 199 Fg−1 employing 1M TEABF4 / AN.
The achieved specific capacitance values of approximately 220 Fg−1 were
indentified to be a result of the observed electrochemical activation reaction
of the materials. Therefore, this reaction was studied in more detail using the
example of GOpr with an initial interlayer distance of 4.4 Å and the aprotic
electrolyte 1M TEABF4 / AN. A combined in-situ dilatometry and in-situ Xray diffraction study revealed the electrochemical activation reaction to be an
insertion of ions accompanied by a formation of pillars. This formation of
pillars in-between the graphene-like layers caused an irreversible expansion of
the interlayer spacing of up to 14.7 Å, and thus an increase of up 10 Å compared
to the not activated material.
Based on the in-situ experiments an elaborated model of the electrochemical
activation reaction was derived in the last part of this thesis.
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Zusammenfassung
Ein elektrochemischer Doppelschichtkondensator (EDLC) eignet sich für die
kurzfristige Speicherung von elektrischer Energie, sowohl in stationären wie
auch mobilen Anwendungen. Auf Grund ihrer sehr kurzen Reaktionszeit werden
EDLCs typischerweise verwendet, um die Qualität und Zuverlässigkeit einer
bereitgestellten Leistung zu gewährleisten. Dies beinhaltet zum Beispiel die
kurzfristige Stabilisierung der Spannung oder das Ausgleichen von kurzfristigen
Leistungsspitzen. Jedoch verhindert die geringe Energiedichte der aktuellen
EDLC Generation den Einsatz in einem breiteren Abwendungs-Spektrum.
Die Energie eines EDLC wird in der elektrochemischen Doppelschicht gespeichert, welche sich an jeder der beiden Elektroden ausbildet und somit skaliert
die zu speichernde Energie, respektive die Kapazität, eines EDLC mit der
verfügbaren Elektrodenoberfläche.
Ein gegenwärtig intensiv diskutiertes Elektrodenmaterial ist Graphen, welches
neben einer exzellenten Leitfähigkeit auch eine theoretische spezifische Oberfläche
von 2630 m2 g−1 bietet. Diese spezifische Oberfläche steht jedoch nur zur
Verfügung unter der Annahme, dass beide Seiten einer Graphenschicht zugänglich
sind und eine elektrochemische Doppelschicht ausbilden können.
Die vorliegende Arbeit demonstriert einen möglichen Ansatz um Graphen
für EDLC-Elektroden nutzbar zu machen. Hierbei wurden, ausgehend von
Graphitoxid (GO), zwei unterschiedliche Graphen-Strukturen untersucht:
1. Partiell reduziertes Graphitoxid (GOpr), welches auf einer thermischen Reduktion von GO beruht und daher als chemisch modifizierter,
expandierter Graphit bezeichnet werden kann.
2. Partiell reduziertes Graphenoxid-Papier (GOPpr) und GOPpr
Verbundmaterialien (cGOPpr). Diese Strukturen basieren auf thermisch reduzierten Graphenoxidmembranen, welche durch Filtration einer
wässrigen Graphen-Dispersion synthetisiert wurden.
Ein Teil dieser Arbeit konzentriert sich auf die Materialcharakterisierung der
beiden Graphenstrukturen. Hierfür wurden diverse analytische Techniken verwendet wie z. B. Stickstoffadsorption, Röntgenbeugung, Ramanspektroskopie
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und Elementaranalyse. Die Charakterisierung der physikalischen und chemischen Eigenschaften von GOpr und GOPpr ergab, dass diese graphenbasierenden
Materialien einen aufgeweiteten Schichtabstand d001 im Bereich von 3.4 bis
4.5 Å aufweisen und gleichzeitig, dass das Kohlenstoff zu Sauerstoff Verhältnis
im Vergleich zu Graphit reduziert ist. Auf Basis dieser Resultate wurde auf
eine Materialstruktur geschlossen, welche aus einer Schichtung von partiell
reduziertem Graphenoxid basiert und makroskopische Strukturen bildet.
Elektrochemische Charakterisierungsmethoden wie zyklische Voltammetrie
und galvanostatisches Zyklisieren wurden verwendet, um die anwendungsspezifischen Grössen, wie die spezifische Kapazität, zu bestimmen. Die Untersuchung
von GOpr und GOPpr ergab, dass unter Verwendung von organischen Elektrolyten eine konkurrenzfähige spezifische Kapazität erreicht werden kann,
nachdem die Elektrodenmaterialien eine elektrochemische Aktivierungsreaktion durchlaufen hatten. Einzelelektroden Messungen unter Verwendung des
organischen Kondensatorelektrolyten Tetraethylammonium Tetrafluoroborat
in Acetonitril (1M TEABF4 / AN) resultierten in einer spezifische Kapazität
von bis zu 220 Fg−1 für eine positive Polarisierung. Weiterführende Messungen
an einer elektrochemisch aktivierten Vollzelle erreichten eine spezifische Kapazität von 195 Fg−1 . Dieser spezifische Kapazitätswert gehört zu den Besten,
welche für Kohlenstoffelektroden in nicht wässrigen Elektrolyten publiziert
wurden. Neben dem organischen Elektrolyten 1M TEABF4 / AN wurde GOpr
auch mit Lithiumelektrolyten, wie z. B. 1M Lithiumperchlorat in Acetonitril
(1M LiclO4 / AN), getestet. Diese Untersuchungen ergaben, dass GOpr eine
hohe Affinität besitzt Lithium reversibel einzulagern, was in einer spezifischen
Kapazität von 324 Fg−1 (207 mAhg−1 ) mündete. Somit wurde nicht nur die
Eignung von GOpr als ELDC-Elektrode demonstriert, sondern auch für LithiumKondensatoren.
Die elektrochemische Untersuchung der biegsamen Graphenpapier-Elektrode
(GOPpr) ergab für die positive Polarisierung vergleichbare spezifische Kapazitäten wie für GOpr. Unter Verwendung von 1M TEABF4 / AN demonstrierte GOPpr eine spezifische Kapazität von bis zu 199 Fg−1 .
Die beobachtete elektrochemische Aktivierungsreaktion konnte als Ursache
für die erreichten spezifischen Kapazitäten von bis zu 220 Fg−1 identifiziert
werden. Daher wurden ergänzende Untersuchungen am Beispiel eines GOpr
mit 4.4 Å Schichtabstand in Kombination mit 1M TEABF4 / AN durchgeführt,
um ein besseres Verständnis für die elektrochemische Aktivierungsreaktion zu
bekommen.
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Eine kombinierte Studie aus in-situ Dilatometrie und in-situ Röntgenbeugung
identifizierte die elektrochemische Aktivierungsreaktion als Formierungsreaktion
von Stützstellen zwischen den graphenartigen Schichten, begleitet von einer
ersten Einlagerung von Ionen. Die Ausbildung von Stützstellen vergrösserte den
Schichtabstand des Materials irreversibel auf bis zu 14.7 Å, was einer Expansion
von 10 Å gegenüber dem ursprünglichen Schichtabstand entspricht. Basierend
auf den Resultaten der in-situ Studien war es möglich, ein rudimentäres Model
der Aktivierungsreaktion zu erarbeiten, welches im Schlussteil dieser Arbeit
dargelegt wird.
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Part I.
Introduction

1

Chapter 1.
General introduction and motivation
1.1. Electrical energy
For the time being the demand for electrical energy is on a perennial surge due
to an overwhelming technological and economical development worldwide which
needs electrical energy. Within the last ten years, from 2001 to 2011, the worldwide annual electricity generation doubled, reaching a value of approximately
22 000 TWh in 2011 [1]. On the basis of a continuing worldwide development
the predicted electric energy demand for 2035 will be about 32 000 TWh [2].
This future electricity demand is driven by two main forces. One is related to
the increasing development of both South America and Asia [1, 2]. The second
is based on novel electric energy consumers, like future consumer electronics
and electric vehicles. However, both novel portable consumer electronics as well
as electric vehicles are strongly dependent on the storage of electrical energy
and thus, the need and importance of electric storage systems is increasing
strongly. [3–5].

1.2. The need for portable energy storage
Electrical Energy Storage (EES) refers to a process of converting electrical
energy from a power network into a form that can be stored for converting it
back to electrical energy when needed. [6]. EES are divided in different groups,
depending on their purpose of application, as stationary vs. portable, their
storage duration, short term vs. long term, and the type of energy release,
high power vs. high energy. In case of portable and mobile applications the
systems of choice are various types of batteries and electrochemical double layer
capacitors (EDLC), which are paraphrased as electrochemical energy storage
systems.
As portable and mobile applications rely on an integrated power source it is
important to consider the energy and power content of electrochemical energy
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Figure 1.1: Ragone type plot summarizing the specific power density of electrochemical energy storage devices as a function of their specific energy density.
Adapted from [7].

storage systems normalized to either the device mass or volume in a Ragone
type plot [8].
Figure 1.1 shows a Ragone plot comparing electrochemical energy storage
systems by depicting the specific power density on cell level as a function of the
specific energy density on cell level. This way of visualization identifies lithium
ion batteries to provide the highest energy density with a moderate power
output, nickel metal hydride batteries to supply a moderate energy density
as well as power density and finally electrochemical double layer capacitors
having the smallest energy density but the largest power output. Even though,
EDLCs provide the largest power density new types of high power lithium ion
batteries tend to catch up. However, in terms of cost per power as well as in
terms of durability EDLCs have clearly advantage over high power lithium ion
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technology [7, 9].
EDLCs have among the fastest response time of any electrochemical energy
storage device, and are therefore typically used in power quality / reliability
applications, such as providing transient voltage stability, as well as for bridging
power, such as providing peak power for a short amount of time [4, 6]. The
key characteristics of a state of the art EDLCs is an energy density of about
−1
3
5
1-10 Whkg−1
device and power density of about 10 -10 Wkgdevice . In addition
EDLCs provide a long cycle life of up to > 500 000 cycles [9–11].
However, their low energy capacity is limiting their use in longer time-duration
applications. Therefore, a major research goal is to increase their energy density,
which would increase their utility for further applications [4, 9]. In principle
the energy density of an EDLC can be increased by either increasing the cell
voltage, as the energy of the device is proportional to the voltage by power of
two, or by increasing the capacitance. A feasible measure is to improve the
electrode material, typically a high surface area carbon, as it determines the
capacitance as well as influences the stability at high cell voltages [9–11].
A very promising electrode material for EDLC is graphene, a 2-dimensional
carbon material which was first synthesized in 2004. Graphene, which is in
other words a carbon layer with a thickness of one atom, provides one of the
best surface to mass ratios known for carbon materials. In addition material characterizations on graphene revealed outstanding electronic properties
like charge carriers that behave like relativistic particles of rest mass zero [12, 13].
Therefore the focus of this work is to develop a feasible measure to utilize
graphene for EDLC electrodes. In order to achieve this goal, two different
approaches will be outlined:
1. Natural graphene frameworks: The first approach is to use a chemically modified natural graphene framework, like graphite oxide, in order
to increase the spacing between single graphene planes and thus, allow
ion accessibility for charge storage.
2. Artificial graphene frameworks: In a second approach graphene is
used as a building block to assemble suitable 3-dimensional structures
which yield ion accessibility and hence, are suitable for charge storage via
ion insertion.
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Chapter 1. General introduction and motivation

Beside a detailed characterization of the employed novel materials, this work
will focus on elaborating the electrochemical characterizations as well as electrochemical in-situ dilatometry and X-ray diffraction to determine the relevant
application properties.
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Chapter 2.
The electrochemical double layer capacitor (EDLC)
2.1. A short history overview on EDLCs
Capacitors in general can be classified into three basic types: electrostatic
capacitors, electrolytic capacitors and electrochemical capacitors. Electrostatic
capacitors include ceramic and polymer-film capacitors which are named after
the used dielectric which is either based on a ceramic or on a film / paper.
These capacitors can operate at gigahertz frequencies, but have a limited energy
density. Electrolytic capacitors utilize a thin insulating oxide layer at one of
the electrodes as dielectric. Thus, their energy density are by factor ten larger
than that of electrostatic capacitors, while the operation frequency is still in
the kilohertz regime. Last but not least the electrochemical capacitors which
have the smallest power output but yield the highest specific capacitance and
energy. The electrochemical double layer capacitor (EDLC) is a special type of
electrochemical capacitor (EC). The EDLC is based on an electrochemical cell
which utilizes only the electrochemical double layer for charge storage [14, 15].
The concept of charge storage within the electrochemical double layer was
first described by the German physicist Hermann von Helmholtz in 1858 [16].
However, it took another 100 years before this principle was used for energy
storage applications. The first reference of a EDLC-like energy storage device dates back to a patent by General Eclectics in 1957, describing a ”Low
voltage electrolytic capacitor” [17]. This approach was further developed by
the Standard Oil Company, Cleveland, Ohio (SOHIO) [18, 19]. Their patent
”Electrolyte capacitor having carbon paste electrodes” [19] layed the path to
modern type carbon based EDLCs which are commercialized trademarks like
”Supercapacitor” Nippon Electric Company (NEC), Japan, ”Gold capacitor”
/ ”Power capacitor” Panasonic, Japan, ”Ultracapacitor” Pinnacle Research
Institute, USA , or ”Boostcap” Maxwell, USA [10, 20, 21].
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Figure 2.1: Model of the electrochemical double layer. Adapted from [22].

2.2. The principle of energy storage in EDLCs
The charge storage of an EDLC is based on the utilization of the physical
charge separation between ions on the one side and a surface charge at a
solid-liquid interface at the other side, referred to as electrochemical double
layer. A double layer can be formed by applying potential to an electrode
immersed into an electrolyte. The applied voltage induces a charge separation
leading to rearrangement of ions close to the electrode. At the surface of the
electrode the solvated ions regroup in a dense layer, as they are attracted
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by the opposite charge in the solid. Hence, an electrochemical double layer
is formed, consisting of the two parallel charge layers, one based on ions on
the surface of the electrode and the other is based on the counter charge in
the solid by either electrons or holes. The charge storage of an EDLC can
be mathematical described by the capacitance of an electrochemical double layer.

2.2.1. The electrochemical double layer at an electrode
Figure 2.1 shows the example of a double layer formed at a planar electrode
surface. The arrangement of ions and solvent on the electrolyte side of the
double layer can be assigned to three layers. The first layer consists of solvent
molecules as well as specifically adsorbed species (ions or molecules) and the
plane formed by the loci of the charge centers of the specifically adsorbed ions
is referred to as inner Helmholtz plane (IHP). The second layer is based on
the arrangement of fully solvated ions attracted to the electrode surface. Due
to the solvation shell the charge center loci of these ions has a larger distance
to the surface then the IHP and thus, it is called the outer Helmholtz plane
(OHP). The third layer is based on a region connecting the OHP with the bulk
electrolyte. In this region there is still a high concentration of ions attracted to
the electrode surface leading to an imbalance in charge. In case of low electrolyte
concentrations, this third region is still contributing to the charge of the double
layer and thus, is defined as the diffuse layer.
The overall number of ions attracted to the electrode surface can be described
by the surface charge density σS [23, 24]:
σS = σH + σD = −σE

(2.1)

It is the sum of the charge density located in the Helmholtz plane (σH ) and
the charge density attributed to the diffuse layer (σd ). The surface charge is
screened by a charged layer of opposite charge in the electrode (σE ) (compare
Figure 2.1).
The capacitance related to the charge density of the Helmholtz layer σH is
referred to as Helmholtz capacitance CH and calculates to [16, 23, 24]:
CH = A

σH
ϕH

(2.2)
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with the interface area A and the potential difference at the interface ϕH . Using a geometrical approach CH can also be treated as a parallel plate capacitance
and hence, can be written as [22–24]:
CH = r 0

A
d

(2.3)

using the permittivity of the electrolyte r , the permittivity of free space 0
(8.854 · 10−12 Fm−1 ), the surface area of the interface A and the thickness of
the double layer d, which equals the distance between electrode surface and
OHP (compare Figure 2.1).
The capacitance of the diffuse layer (CD ), was first introduced by Stern in
1924 [22, 24, 25]:
r
∗

CD = A F

2z 2 0 r c
cosh
RT



zF ϕD
2RT


(2.4)

It is derived from the cross section of the interface area A∗ , the Faraday
constant F (96 485 Cmol−1 ), the charge number of the ion z, the molar concentration of the electrolyte c, the universal gas constant R (8.315 Jmol−1 K−1 )
and the temperature T .
Combining the Helmholtz and the diffuse layer capacitance results in the
double layer capacitance, which equals the serial connection of CH and CDL
[22]:
1
1
1
=
+
CDL
CH
CD

(2.5)

This description of the double layer capacitance CDL is only correct, if it
is assumed that the electrode has an infinite density of states at the Fermi
level. Otherwise the amount of charge carriers in the electrode would be a
limiting factor for the charge accumulation at the surface. Hence, this assumption might be reasonable for metallic electrodes [26], but not for carbon based
electrodes as used in EDLCs [27]. Such carbon based electrodes should be
described more precisely as metal-like with a finite density of states at the
Fermi level [27, 28]. Hence, the screening of the accumulated ions leads to
the formation of a space charge region (σSC ) close to the electrode surface
which causes a potential drop within this region of the electrode (compare
Figure 2.1). As the potential drop depends on the charge density of the space
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c)
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C
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Figure 2.2: Equivalent circuit of the interfacial capacitance of an electrode. Adapted
from [22]

charge layer (σSC ), it can be described as a space charge capacitance (CSC ) [29].
In case of carbon materials it is possible to use the model of the surface
charge derived for intrinsic semiconductors [30] and thus approximate CSC by
the Mott-Schottky equation [23, 29]:
1
=
2
CSC



2LD
SC 0

 

eϕSC
−1
kB T


(2.6)

with e denoting the elementary charge (1.602 · 10−19 C), SC the dielectric
constant of the electrode, kB the Boltzmann constant (1.381 · 10−23 JK−1 ) and
LD the Debye length which is a function of the charge carrier density n0 [29]:
r
LD =

SC 0 kB T
2no e2

(2.7)

Hence, the total interfacial capacitance C of the electrochemical double layer
can be calculated as a series connection of the three capacitive contributions
from the space charge, Helmholtz and diffuse layer, respectively [23, 29]:
1
1
1
1
=
+
+
C
CSC
CH
CD

(2.8)

The calculated interfacial capacitance can be used to determine the accumulated charge (q) in the double layer, as it is proportional to the capacitance (C)
as well as the potential drop ϕ [14, 23, 24]:
q = Cϕ

(2.9)
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Compiling all these information the interfacial capacitance of an electrode can
in principle be depicted by the equivalent circuit of a capacitor (C), as shown
in Figure 2.2a. However, considering also the electric and ionic connection of
the electrode an additional resistor (RS ) connected in series needs to be taken
into account Figure 2.2b. This resistance derives from all the serial resistance
contributions in the device such as electrolyte resistance, electrode resistance,
and electrode to current collector contact resistance.
This series of basic equivalent circuits for the interfacial capacitance of an
electrode is completed by Figure 2.2c, which also includes the possibility of a
charge transfer from the electrode to the electrolyte. Such a charge transfer is
based on an electrochemical induced reaction of an electrolyte species [31, 32]
and can cause a self discharge of the double layer over time, as observed for
EDLCs [22, 33]. In order to account for the self-discharge of EDLCs the
equivalent circuit is modified by a resistor (RP ) parallel to the capacitor C
(Figure 2.2c). Its resistance is typically several orders of magnitude larger than
RS .
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2.2.2. The EDLC cell
The EDLC cell is comprised of two electrodes connected via an electrolyte
saturated separator. Figure 2.3a depicts the model of an EDLC as well as its
equivalent circuit, which is derived from the series connection of two electrode
equivalent circuits as shown in Figure 2.2c [10, 22].
Figure 2.3b depicts a fully discharged EDLC. As long as no externaly power
source is connected, both electrodes exhibit the same potential and thus, the
potential difference between the electrodes is zero. However, even in this condition there are double layers formed at each electrode, which originate from the
potential difference between electrode and electrolyte [21, 22].
If an external power source is connected (Figure 2.3c) the applied potential
induces an ion rearrangement. Positively charged ions (cations) are attracted by
the negative polarized electrode (cathode), whereas the negatively charged ions
(anions) are attracted by the positive polarized electrode (anode). The induced
double layers cause a potential drop at each electrode. The potential difference
between anode / electrolyte (ϕA − ϕE ) and electrolyte / cathode (ϕE − ϕB )
can be attributed to the anode and cathode potential, respectively. Further the
potential difference between anode and cathode (ϕA − ϕB ) is attributed to the
cell voltage (U) [10, 21, 22]
According to the equivalent circuit of the EDLC (Figure 2.3a) the total
capacitance consists of a series connection of the capacitance of the anode and
the cathode. Hence, the capacitance of the EDLC CEDLC calculates to [14, 15]:
1
1
1
=
+
(2.10)
CEDLC
CA
CB
Assuming an equal capacitance at each electrode (C = CA = CB ) the total
capacitance can be written as:
C
(2.11)
2
and thus the capacitance of the device is by factor two smaller as that of
an electrode. Having the capacitance value of an EDLC, its stored energy
calculates to [10]:
CEDLC =

1
CEDLC U 2
(2.12)
2
In order to compare the capacitance values of EDLCs with different electrode
materials, the common practice is to normalize CEDLC to the mass of the active
EEDLC =
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Separator
Electrode material
Current collector

Figure 2.4: Typical cell assembly for a commercially available EDLC. Adapted from
[14, 36].

electrode material. Following the example and assuming both electrodes have
the same mass (mEDLC = mA + mB = 2m) results in:
C
(2.13)
4m
Hence, by applying a normalization to the electrode mass the capacitance
of the EDLC is by factor four smaller as the one of the electrode. Therefore,
when comparing capacitance values of EDLCs it is always important to verify
if the stated numbers are normalized to a single electrode or based on a EDLC
cell [34, 35].
∗
CEDLC
=

In case of commercial EDLCs both the capacitance as well as the energy
values are typically normalized on the device mass (compare Figure 1.1 and
[37]). A characteristic cell assembly for commercially available EDLCs consists
of several parts, as depicted in Figure 2.4 [14, 15]. The electrode consists of a
polymer bound active material layer casted on an aluminum current collector,
with a typical thickness of less than 200 µm. High surface area carbons, like
activated carbon [38, 39], are typically employed as active electrode materials.
In order to improve the conductivity, porosity or stability of the electrode the
active material might be even mixed with an additive.
For a better mass utilization both sides of the current collector are covered by an
electrode layer. The individual electrode sheets are separated by a porous and
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electric insulating fabric which has ionic conductivity (e.g. polymer, cellulose
or glass fiber [14, 15]). Next, this assembly is coiled, inserted into a case and
filled with electrolyte (either aqueous [40] or non-aqueous [41] or ionic liquid
[42]) before getting sealed.

2.3. Carbon based EDLCs
AS initial commercialization, carbon based active materials were primarily
used as EDLC electrodes [17–19]. Carbon was chosen because of its distinctive
chemical and physical properties, relatively low cost, high surface areas up to
> 2000 m2 g−1 , conductivity and chemical stability within the targeted potential
range [35, 38, 43–50]. In addition carbon offers a wide range of structures which
are based on the four crystalline allotropes of carbon, including diamond (sp3 ),
graphite (sp2 ), fullerenes (sp2 , distorted) and carbine (sp) [31, 32, 51].

2.3.1. Overview on carbons utilized for EDLCs
The most suitable carbon structures to be used as active material for EDLC
electrodes are: activated carbon, carbide derived carbon, onion like carbons,
carbon nanotubes and graphene.
Activated carbons are based on a 3-dimensional carbon network consisting
of micropores (< 2 nm), mesopores (2-50 nm) and macropores (> 50 nm)[52]
yielding a high specific surface area (SSA) which can exceed 2000 m2 g−1 . Typically activated carbons are fabricated by an activation process, consisting
of a controlled oxidation of bulk carbon powders or carbonized organics or
carbonized biomass [35, 43, 45, 46]. The capacitance performance of activated
carbons continuously improved during the last years. Employing non-aqueous
electrolytes the specific capacitance values of activated carbon increased in the
last decade from about 120 Fg−1 [37] to recently above 200 Fg−1 [53, 54].
Carbide derived carbons are produced by extraction of metals from a carbide
by chlorination. By leaching out the metal from the carbide the carbon tend to
self-organize into an amorphous, mainly sp2 bonded, 3-dimensional structure
which can be fine-tuned by controlling the chlorination temperature. This process allows to synthesize carbons with a narrow pore size distribution, yielding
an SSA of 1000-3000 m2 g−1 [35, 43, 55]. Utilizing carbide derived carbons as
EDLC electrodes yielded up to 180 Fg−1 and 150 Fg−1 for aqueous [56] and
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non-aqueous [57] electrolytes, respectively.
Onion like carbons are 0-dimensional carbon nanomaterials yielding a nonporous but highly conductive carbon network. They provide a SSA of up to
600 m2 g−1 which is fully accessible for ions. The combination of high conductivity and ion accessibility yield high specific power. However, due to the small
SSA the specific capacitance is limited to approximately 30 Fg−1 [58–60].
Carbon Nanotubes can be described as a 1-dimensional carbon nanostructure and are grouped in single wall carbon nanotubes and multi wall carbon
nanotubes. These nanostructures are providing a considerable mechanical and
thermal stability combined with high electric conductivity, which is beneficial
for high power EDLCs [35, 45, 46, 61]. Depending on the type of nanotube the
SSA can be up to 1000 m2 g−1 , yielding a specific capacitance of up to 200 Fg−1
and 100 Fg−1 in aqueous and non-aqueous electrolytes, respectively [46, 62, 63].
Recently graphene [12] has attracted great interest for utilization as EDLC
electrode material [64]. As a 2-dimensional carbon material, graphene can
potentially combine fully accessibility high SSA with high conductivity. Its
theoretical SSA of 2630 m2 g−1 , not considering adsorption sides at the edge or
defects, provides one of the best surface to weight ratios [65–67]. First capacitance measurements in 2008 revealed a specific capacitance of approximately
100 Fg−1 employing non-aqueous electrolytes [67, 68], followed by a continuous
improvement during the last years.

2.3.2. Geometrical optimization of carbons used for EDLCs
The performance of an EDLC is closely connected with the geometrical constraints of the electrode. According to Equation 2.3 and Equation 2.4 both CH
as well as CD are influenced by the geometry of the electrode interface. In addition, the electrode structure is also an influencing factor, as it determines the
ion accessibility to the surface. Thus, the optimization of the electrode geometry
is supposed to lead to an increase in EDLC performance [69, 70]. Controlling
the pore size distribution allows to tailor the 3-dimensional carbon network to
optimize the ion accessibility [71]. In this regards it was even proposed that an
optimal pore to ion size ratio might yield not only an improved accessibility
but also an increased specific interfacial capacitance [72, 73]. However, as a correlation between SSA related capacitance and pore size distribution depends on
the employed evaluation there is no clear picture on the effect of subnanometer
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micropores on the achievable specific capacitance [74, 75]. Nevertheless, most
of the studies agree that tuning the SSA is the easiest way to influence the
specific capacitance [75–78]. Hence, in order to yield an improvement in specific
capacitance the electrode material needs to combine the properties of high
surface area, high conductivity and ion accessibility. One promising candidate
fulfilling all these requirements is graphene.
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3.1. Graphene
3.1.1. History of graphene
The first observation of a graphene-like structure was made by Boehm et al. in
1962 [65, 66]. They used electron microscopy to investigate so called ”graphite
oxide soot” [79], which was derived form deflagration of graphite oxide. The
electron microscope revealed the soot to consist of thin packages of carbon
hexagonal sheets (approximately 12.6 Å equal to 2-3 layers), today referred to
as ”graphene nanoplatelets”[80].
However, at that time the response of the scientific community was limited and
thus, no further studies were conducted in this direction.
In the meantime, graphite and graphite intercalation compounds attracted
great interest, as they offered a feasible way for ion storage [81–85]. Hence, as
part of providing the terminology for graphite intercalation compounds in 1994,
Boehm et al. introduced the term of ”graphene” describing a single carbon
layer of the graphite structure [86]:
”In graphite, planar sheets of carbon atoms, with each atom bound to three
neighbors in a non-compact, honeycomb structure, are stacked regularly, with
threedimensional order. ’Graphitic carbon’ is only applicable to materials which
give rise at least to a modulation of the hk reflexions in X-ray diffraction. It
is therefore not correct to speak of ’graphite layers’ when meaning single, twodimensional carbon sheets. Even the terms ’carbon layer’ or ’carbon sheet’ are
inappropriate. The suffix -ene is used for fused polycyclic aromatic hydrocarbons,
even when the root of the name is of trivial origin, e.g. naphthalene, anthracene,
coronene, etc. A single carbon layer of the graphitic structure can be considered
as the final member of this series and the term graphene should therefore be used
to designate the individual carbon layers in graphite intercalation compounds”
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Figure 3.1: Model of a quasi infinite graphene layer. Taken from [88].

The official IUPAC definition for graphene followed one year later in 1995 [87]:
”GRAPHENE is a single carbon layer of the graphite structure, describing
its nature by analogy to a polycyclic aromatic hydrocarbon of quasi infinite size.
[...] The term GRAPHENE should be used only when the reactions, structural
relations or other properties of individual layers are discussed.”
Even though, graphene had been official defined as the building block of
graphite (Figure 3.1), there was no feasible way to isolate graphene in the
laboratory [89, 90]. Hence, it seemed that Landau was right with his calculations
that the existence of 2d-dimensional molecules is thermodynamically prohibited
[91].
However, in 2004 Novoselov and Geim et al. presented their observation of
the electric-field effect measured on ”few-layers” and ”single-layer graphene”
[92, 93]. This observation literally lead to ”The rise of graphene” [12], opening
a whole new field of science [94–98]. For their work on graphene both professor
Konstantin Novoselov and professor Andre Geim were awarded with the Nobel
prize in physics, in 2010. The importance of their discovery was highlighted
2013 by the European Union, announcing a science funding, which is providing
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Figure 3.2: a) Lattice structure of graphene, showing the lattice unit vectors a1 and
a2 , the carbon carbon bond length of 1.42 Å and the bond angle of 120◦ .
b) Corresponding reciprocal lattice with the unit cell vectors b1 and b2
and the coresponding first Brillouin zone [94]. Adapted from [104].

one billion EUR over ten year for the further research on graphene[99].

3.1.2. Overview on graphene properties
The first experimental results of graphene published by Novoselov and Geim et
al. [92, 93] had drawn great interest on this new field of carbon science. During
the last years a lot of research has been conducted on graphene, revealing
properties as very high electric conductance, an unusual quantum hall effect
and charge carriers which are behaving like relativistic particles of rest mass
zero. These properties among others are discussed and summarized in many
reviews on graphene [94–98, 100–103].
Most of the interesting properties of graphene derive from its truely 2dimensional lattice. The graphene lattice (Figure 3.2a) is based on a hexagonal
honeycomb structure of quasi infinite size. Within the lattice the carbon atoms
are sp2 hybridized and hence, each carbon is connected via σ bonds to its three
neighbors, having a bond length of 1.42 Å and an angle between the bonds
of 120◦ . These σ bonds are also responsible for the robustness of the lattice.
Due to the Pauli principle, these bonds have a filled shell and thus, form a
deep valence band. The unaffected pz orbitals, which are perpendicular to the
formed plane, bind covalently with neighboring carbon atoms in form of a π
bond. Since each pz orbital provides one electrode, the resulting π bonds are
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Figure 3.3: a) Model of the graphene band structure showing the σ / σ ∗ bands (solid
lines) and the π / π ∗ bands (dashed lines) between K, Γ and M of the
first Brillouin zone [94]. b) 3-dimensional depiction of the π / π ∗ band
energy spectrum [94]. Adapted from [104].

only half filled [94, 98, 100].
Figure 3.3 shows the band structure of graphene within the first Brillouin zone
(compare Figure 3.2b). The band structure of graphene was first described by P.
R. Wallace in 1946, who highlighted the semimetallic behavior of this material
[105]. Overall the band structure of graphene combines semiconducting and
metallic characteristics, as it can be either described as a metal with vanishing
Fermi surface or as semiconductor having a zero band gap. The reason for this
characteristic can be found in the π bonds. The half filled π bonding and the
empty π ∗ antibonding bands touch each other at the K-points of the Brillouin
zone (Figure 3.3). These touching points of π and π ∗ bands are referred to as
Dirac points [94, 98, 100].

3.1.3. Synthesis of graphene
Since the first ”scotch tape” approach [92, 93] several different routes for the
graphene synthesis were successfully demonstrated like longitudinal ”unzipping”
of carbon nanotubes [106], epitaxial growth [107], chemical vapor deposition
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Figure 3.4: Proposed schematic of the graphene oxide structure as a building block
for graphite oxide. Taken from [120].

[108] or reduction of graphene derivatives [109, 110]. However, beside the reduction of graphene derivatives all of these synthesis routes fall short if it comes to
the production of gram scale quantities [98, 101, 103, 111–114].
The most common way to produce graphene derivatives like graphene oxide is
via the chemical oxidation of graphite to graphite oxide followed by subsequent
exfoliation to graphene oxide. Graphite oxide is typically synthesized by either
the method of Brodie [115, 116], Staudenmaier [117], or Hummers [118], or by
a variation of these methods.
All three synthesis routes resulting in the oxidation of graphite to various levels.
In the cases of Brodie’s and Staudenmaier’s methods a combination of potassium
chlorate (KClO3 ) with nitric acid (HNO3 ), Brodie, or sulfuric acid (H2 SO4 ),
Staudenmaier, are used to oxidize the graphite. In contrast, Hummers method
involves the treatment of graphite with potassium permanganate (KMnO4 )
and sulfuric acid (H2 SO4 ). It was shown that the most pure graphite oxide is
synthesized with Brodie’s method, although it is also the most time consuming
method [116, 119]. Nevertheless in the cases of Staudenmaiers or Hummers approach there is a trade off between time advantage and possible contaminations
due to sulfur and excess permanganate ions [111, 119].
In contrast to graphite the carbon in graphite oxide is mainly sp3 hybridized
due to rich oxygen functionalities. These functional oxygen groups are causing
an increased interlayer spacing for the graphite oxide (approximately 6 Å and
above), depending on the amount of water molecules absorbed in-between the
planes [121, 122]. The accepted structural model of the graphite oxide planes
(Figure 3.4), nowadays referred to as graphene oxide, was derived by Lerf et
al. [120, 123, 124] by NMR studies on graphite oxide and later also verified
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by NMR studies on 13 C enriched graphite oxide [125]. The model describes
graphene oxide to be a graphene plane which is covered by hydroxyl and epoxy
(1,2-ether) functional groups [101, 111, 123, 124].
On the further route to graphene, the graphite oxide needs to be delaminated
to graphene oxide and reduced. The reduction is necessary to restore the sp2
hybridization and thus regain conductivity [101, 111, 112].
One possibility is to expand graphite oxide into single or few-layered graphene
by heat-treatment which yields a simultaneous removal of the oxygen-containing
groups. This deflagration to graphene-like nano ribbons can be achieved via fast
thermal heating 100-1000 Kmin−1 [126–128] or by treatment with microwave
radiation [129, 130].
Another possibility is to utilize the hydrophilicity of graphite oxide, which
derives from its polar nature due to its functional oxygen groups. Thus graphite
oxide can be easily dispersed in aqueous solutions which allows exfoliation by
sonication [111, 112, 114, 130]. The resulting graphene oxide dispersion can
be reduced by the use of reduction agents like hydrazine [67, 109, 131]. Further it is also possible to process the graphene oxide dispersion to powder-like
graphene oxide nanoplatelets. In order to gain graphene these graphene oxide
nanoplatelets can be reduced by electrochemical reduction [132], light induced
reduction [133], laser induced reduction [134, 135], thermal treatment under
either inert gas atmosphere [136–138] or syngas (Ar/H2 mehtane mixture) [139]
or by flame induced reduction [140].

3.2. Utilization of graphene for EDLCs
The interfacial capacitance as well as the total ion accessible surface area of an
EDLC elecrode determines its overall energy storage capacity. Thus, graphene
and graphene-like materials are promising candidates and it is necessary to
understand the parameters of graphene that affect the interfacial capacitance
and the charge storage capability.

3.2.1. Capacitance of graphene
According to subsection 2.2.1 the double layer capacitance of carbon based electrodes is strongly influenced by the formation of a space charge region within the
surface of the electrode. The resulting space charge capacitance (Equation 2.6)
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is believed to be the dominating factor of the interfacial capacitance (compare
Equation 2.8) [28, 30].
In case of graphene with its truly 2-dimensional structure it is unlikely that a real
space charge region can be formed to screen an applied transverse electric field.
However, by describing the electronic nature of graphene as a 2-dimensional
electron gas [94, 98] it is possible to describe the ”space charge region” of
graphene as a quantum capacitance [141, 142].
A theoretical work by Fang et al. [143] on the charge carrier statistics of
graphene derived the quantum capacitance CQ of graphene to be:

CQ =

 

2e2 kB T
eϕG
ln
2
1
+
cosh
π(~vF )2
kB T

(3.1)

using the electron charge e, the Boltzmann constant kB (1.381 · 10−23 JK−1 ),
the Temperature T, the reduced Planck’s constant ~ (1.055 · 10−34 Js), the
Fermi velocity vF (approximately 108 cms−1 ) and the graphene potential ϕG .
Assuming eϕG  kB T reduces CQ to:
CQ ≈

2e2 eϕG
π (~vF )2

(3.2)

Thus, CQ calculates to zero for ϕG = 0V and has a slope of 23 µF cm−2 V −1
[143–145]. The reason for the vanishing CQ can be found in the charge carrier density n2d of graphene, which exhibits a minimum for ϕG = 0V of
n2d ≈ 1011 cm−2 , but increases by several orders of magnitude if a potential is
applied (ϕG = 1V already results in n2d ≈ 1014 cm−2 ) [143].
Therefore, the overal interfacical capacitance of graphene can be written as:
1
1
1
1
=
+
+
Cint
CQ
CH
Cdif

(3.3)

which can be simplified to [145, 146]:
1
1
1
=
+
Cint
CQ
CH

(3.4)

by assuming a negligible contribution of the diffuse layer.
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A first approach to actually measure the value of CQ was published by Xia
et al. [144]. They revealed CQ to have a non vanishing value at ϕG = 0V
of approximately 3 µF cm−2 . This discrepancy to the theoretical model was
explained with charge impurities in the order of 1011 cm−2 , which increases
the value of the charge carrier density and thus increases also the quantum
capacitance.
In addition to the quantum capacitance they also measured the specific interfacial capacitance of graphene to be approximately 21 µF cm−2 using the ionic
liquid BMIMPF6 . However, this number seems to be too large, especially when
considering the small quantum capacitance of approximately 3 µF cm−2 , but
also by comparing the value with the interfacial capacitance of the graphite
basal plane of 12 µF cm−2 [147] and 16 µF cm−2 [148, 149].
A further approach to directly measure the quantum capacitance of graphene
was carried out by Stoller et al. [145]. They conducted a sophisticated experiment in order to access the quantum capacitance of graphene for both
the utilization of only one side (SSA ≈ 1300 m2 g−1 ) as well as both sides
(SSA ≈ 2600 m2 g−1 ). The resulting values of CQ revealed a reduced quantum
capacitance in case of a fully utilization of the graphene surface area. However,
these results have to be taken with caution as the measurements exhibited some
uncertainties like a vanishing contribution of charge impurities.
A better understanding of the contribution of charge impurities, induced
by e.g. residual oxygen functionalities of graphene was conducted by Pope et
al. [150]. Their measurements revealed a maximum in the specific interfacial
capacitance of approximately 20 µF cm−2 for functionalized graphene with a
C/O ratio of about thirteen. Whereas for either a decreasing or increasing C/O
ratio the measured specific interfacial capacitance values continuously decreased
to about 4 µF cm−2 .
Therefore, both defects as well as functional groups seem to have a strong
influence on the charge carrier density of graphene and thus on its quantum
capacitance.

3.2.2. Graphene based electrodes for EDLCs
The first utilization of graphene as active material for an EDLC electrode was
reported by Vivekchand et al. in early 2008 [68]. They exfoliated graphite
oxide at 1050 ◦ C yielding graphene nano ribbons with 3-6 layers and a SSA
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of 925 m2 g−1 . Electrochemical characterization of electrodes made of these
materials achieved 117 and 75 Fg−1 using aqueous (1M H2 SO4 ) and aprotic
(PYR14 TFSI) electrolyte, respectively (compare Table 3.1 and Table 3.2).
This first approach was followed by a characterization of chemically modified
graphene as electrode material for ultracapacitors by Stoller et al. [67]. The
employed chemical modified graphene had a SSA of approximately 700 m2 g−1 ,
but achieved 135, 99 Fg−1 using aqueous (5.5M KOH) and aprotic (1M TEABF4
/ AN) electrolyte, respectively (compare Table 3.1 and Table 3.2).
Even though, both publication claimed to have employed graphene, the
measured SSA of less than 1000 m2 g−1 indicates at best a utilization of multi
layered graphene, which should not be referred to as graphene when strictly
applying the IUPAC definition presented in subsection 3.1.1.
Nevertheless, the science community continued to use the trademark ’graphene’
in order to promote graphene-like materials used in EDLC research. In 2010
it was even claimed that ”graphene supercapacitor breaks storage record” and
are now competitive to metal hydride batteries [151, 152]. These claims were
based on a publication of Liu et al. [153], utilizing so called ”curved graphene”
as active material for an EDLC electrode. The introduced curved nature of the
graphene seemed to prevent it from re-stacking, and thus it yielded a mesoporous structure. However, the SSA of curved graphene was only 501 m2 g−1 ,
which is only one fifth of the theoretical graphene surface area, but nevertheless
the material achieved a specific capacitance of 154 Fg−1 using the ionic liquid
EMIMBF4 (compare Table 3.2).
The first graphene based electrode demonstrating a SSA of 3100 m2 g−1 was
introduced in 2011 by Zhu et al. [154]. They utilized a microwave induced
exfoliation of graphite oxide yielding graphene nano ribbons which were further
activated by KOH. A combined investigation via nitrogen and CO2 adsorption
revealed the material to have micropores and ultra-micropores resulting in a SSA
of up to 3100 m2 g−1 . Despite the large SSA the measured specific capacitance
only reached about 166 Fg−1 using the diluted ionic liquid BMIMBF4 / AN.
To summarize, there were several different approaches to utilize graphene-like
carbons as electrode material for EDLCs, which were more or less successful
[50, 64, 101, 155–160]. Nevertheless, even by reaching SSA values of more than
2600 m2 g−1 it seems questionable if the term ”graphene electrode” is really
justified for these materials.
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Table 3.1 outlines the achieved specific capacitance values using aqueous electrolytes for some of the graphene-like materials discussed in literature. Beside
pristine graphene-like materials this list also includes carbon-carbon-composite
materials like graphene-carbon-nanotubes-composites [161]. The achieved specific capacitance values range from 117 Fg−1 [68] to 348 Fg−1 [162] with an
average value of approximately 195 Fg−1 . Nevertheless, not all of these values
are based on pure double layer charging, as values between 250 and 348 Fg−1
can be assumed to be dominated by pseudo capacitance effects, based on redox
reactions between one species of the electrolyte with functional oxygen groups of
the graphene. Despite the overall demonstrated high specific capacitance values
the specific energy of these examples is only moderate due to the employed
aqueous electrolyte, which reduces the cell voltage to approximately 1 V.
Typically aprotic electrolytes are used in order to increase the specific energy
of an EDLC, as they allow cell voltages of 2.7 V and above. Table 3.2 outlines
the specific capacitance values of EDLC electrodes based on graphene-like
materials by using organic electrolytes and ionic liquids. The reported values
range from 75 to 276 Fg−1 with an average of 165 Fg−1 . Even though these
values are smaller than those reported for aqueous electrodes, the resulting
specific energies are up to factor five larger (compare Equation 2.12). Hence,
the combination of graphene-like materials with aprotic electrolytes seems to
be the most promising approach to increase the specific energy of EDLCs.

28

3.2. Utilization of graphene for EDLCs

Table 3.1: Summary of graphene based EDLCs using aqueous electrolytes
Specific Specific
Ref.
capacitance current
[Fg−1 ]
[Ag−1 ]

Year Electrode material

Electrolyte

2008
2008
2009
2009
2010
2010
2010

1M H2 SO4
5.5M KOH
5.5M KOH
30% KOH
30% KOH
5M KOH
6M KOH

117
135
264
205
150
160
164

0.12
1.3
0.1
0.1
0.1
1
1.64

[68]
[67]
[163]
[164]
[165]
[166]
[167]

6M KOH

175

1.75

[168]

5M KMOH

191

0.15

[130]

6M KOH
1M H2 SO4

120
140

6
0.1

[169]
[170]

1M H2 SO4

125

1.3

[171]

5M KOH
1M H2 SO4
1M H2 SO4
1M KCl
H3 PO4

222
120
215
290
247

1
0.12
0.1
0.5
0.176

[172]
[173]
[174]
[175]
[176]

0.5M H2 SO4

157

7.9

[177]

2010
2010
2010
2010
2010
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2012
2012
2012
2012
2012
2013

Thermally exfoliated graphite oxide
Chemically modified graphene
Low temperature exfoliated graphene
Reduced graphene oxide sheets
Graphene nanosheets
Graphene hydrogel
Graphene deposited on Ni-foam
Graphene nanosheets /
carbon black composite
Microwave assisted exfoliated
reduced graphene oxide
Functionalized graphene
Graphene oxide SWCNT composite
Self-assembled
graphene CNT composite
Graphene Hydrogel
Graphene Paper
Multilayered Graphene Film
Graphene CNT composite
Ultrathin Planar Graphene
Layer by layer assembled MWCNTs
graphene oxide
Graphene oxide
nanodiamond composite
Graphene nanosheet CNT composite
Reduced graphene oxide
Graphene CNT composite (10:1)
Functionalized graphene
Nitrogen doped graphene
Graphene carbon sphere composite
KOH modified graphene
Nanomesh graphene
Surfactant-intercalated
reduced graphene oxide
Graphene MWCNT film
Flexible carbon black pillared
graphene paper
Folded structures graphene paper
Hydrazine reduced
graphene oxide nanosheets
Thermal reduced graphene nanosheets
Thermally reduced graphene oxide
Flame induced reduced
graphene oxide paper

1M H2 SO4

143

0.2

[178]

30% KOH
1M H2 SO4
30% KOH
1M H2 SO4
6M KOH
6M KOH
1M Na2 SO4
6M KOH

266
348
187
276
282
171
136
245

0.1
0.2
0.1
0.1
0.1
1.7
1.36
1

[161]
[162]
[179]
[180]
[181]
[182]
[183]
[184]

2M H2 SO4

194

1

[185]

6M KOH

265

0.1

[186]

6M KOH

138

1.38

[187]

1M H2 SO4

172

1

[188]

6M KOH

192

0.1

[189]

6M KOH
6M KOH

167
261

1
0.4

[190]
[191]

2M KOH

212

1

[140]
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Table 3.2: Summary of graphene based EDLCs using organic electrolytes and ionic
liquids
Year Electrode material
2008 Thermally exfoliated graphite oxide
2008 Chemically modified graphene
2009
2010
2010
2010
2011
2011
2011
2011
2011
2012
2012
2012
2012
2013
2012

30

Low temperature exfoliated
graphene
Polyionicliquid modified graphene
Curved graphene
Poly(sodium-4-styrensulfonate)
intercalated graphite oxide
Multilayered Graphene Film
Graphene CNT composite
Reduced graphene oxide
Activated microwave exfoliated
graphene oxide
Nitrogen doped graphene
Laser reduced
graphene oxide film
Hydrazine reduced
graphene oxide nanosheets
KOH activated microwave
exfoliated graphene oxide
Activated Graphene Film
Flame induced
reduced graphene oxide paper
SWCNT reduced graphite oxide
composite

Electrolyte

Specific Specific
Ref.
capacitance current
[Fg−1 ]
[Ag−1 ]

PYR14 TFSI
1M TEABF4 /AN
1M TEABF4 /PC

75
99
94

0.38
1.3
1.3

[68]

1M TEMABF4 /AN

122

0.1

[163]

EMIMNTf2
EMIMBF4

187
154

1
1

[192]
[153]

1M TEMABF4 /AN

190

0.1

[193]

EMIMBF4
1M TEABF4 /PC
BMIMPF6

273
201
158

0.1
0.5
0.2

[174]
[175]
[162]

BMIMBF4 /AN

166

1.4

[154]

1M TEABF4 /AN
1M TEABF4 /AN
EMIMBF4

220
265
276

0.1
5
5

[181]

1M TEABF4 /AN

82

0.1

[189]

[67]

[134]

BMIMBF4 /AN

172

1

[194]

1M TEABF4 /AN

120

10

[195]

1M TEABF4 /AN

160

1

[140]

BMIMBF4

222

1

[196]

Part II.
Experimental
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4.1. Synthesis of graphene-based electrode materials
Using graphene in conductive structures for EDLC electrodes can be achieved
by different routes, starting from either graphite oxide or graphene oxide or
even graphene. For this work all syntheses for the active electrode materials
were based on the Ph.D. thesis ”Graphen-abgeleitete Materialien” by Tommy
Kaspar [197].
Figure 4.1 outlines the principle of the employed synthesis route. Starting
from a commercially available graphite the first intermediate product is graphite
oxide. Graphite oxide is achieved by chemical oxidation of the precursor graphite
and is used as precursor for the further syntheses. The first active material is
derived from thermal reduction of graphite oxide and hence can be described as
a modified graphite.
For the other active materials graphite oxide needs to be further processed
to graphene oxide. Graphene oxide in dispersion is produced by exfoliation
of a aqueous graphite oxide dispersion by sonication. This graphene oxide
dispersion can be used to assemble free-standing graphene oxide membranes
by filtration. In addition to a pure graphene-oxide membrane it may also be
possible to utilize carbon nanostructures as spacers by adding them to the
graphene oxide dispersion prior to filtration. In a final step both the supported
and unsupported graphene oxide papers need to be thermally treated to reduce
the graphene oxide and hence yield conductivity.
For this work mainly the following active electrode materials were used:
• Partially reduced graphite oxide (GOpr)
• Partially reduced graphene oxide paper (GOPpr)
• Partially reduced graphene oxide paper composite (cGOPpr)
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Graphite

∆H
Carbon nanostructurs

chemical oxidation

Partially reduced
graphite oxide

Graphite oxide
∆T
thermal
reduction

additive

∆E

Supported
graphene oxide paper

sonication

Graphene oxide paper

∆t

agglomeration

∆t

∆T

thermal
reduction

agglomeration

Graphene oxide

Partially
reduced supported
graphene oxide paper

∆T

thermal
reduction

Partially
reduced
graphene oxide paper

Figure 4.1: Visualization of the employed synthesis routes for the used graphene
based materials.
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4.2. Active materials and additives
4.2.1. Synthetic graphite
The synthetic graphites TIMREX R SFG6 and SFG44 (TIMCAL, Switzerland)
were used as precursor graphites for the synthesis of graphite oxide. According
to the manufacturer, primary synthetic graphites TIMREX R are produced
in a highly controlled graphitization process. Coke is graphitized at high
temperatures of at least 2800 ◦ C during 3-4 weeks followed by a cooling period
of 2-3 weeks. The final synthetic graphite powders are achieved by crushing,
milling and sieving [198]. Some important physical properties of SFG6 and
SFG44 are summarized in Table 4.1.
Table 4.1: Physical properties of TIMREX R SFG6 and SFG44 as given by TIMCAL
[199, 200].

SFG6
BET surface area / m2 g−1
Ash content / %
Moisture content / %
Particle shape
Particle diametera/ nm
d002 / nm
Lc / nm
Scott densityb/ gcm−3
Xylene densityc/ gcm−3

17
< 0.1
< 0.5
flake
5.5 - 7.5
0.3354 - 0.3360
> 100
0.07
2.26

SFG44
BET surface area / m2 g−1
Ash content / %
Moisture content / %
Particle shape
Particle diametera/ nm
d002 / nm
Lc / nm
Scott densityb/ gcm−3
Xylene densityc/ gcm−3
a
b
c

5
< 0.1
< 0.5
flake
44.0 - 53.0
0.3354 - 0.3358
> 200
0.19
2.26

90 % of the particles have a size within this range.
Represents the bulk density of the powder.
Represents the skeletal density of the particles.

35

Chapter 4. EDLC electrodes

4.2.2. Graphite Oxide (GO)
Graphite oxide (GO) was prepared according to the Brodie method [115, 116,
197]. Synthetic, flaked graphite (10 g; TIMREX R SFG6 or SFG44, TIMCAL,
Switzerland) was mixed with sodium chlorate powder (85 g; NaClO3 , powder
200 mm, analytical grade, Fisher Scientific AG). The mixture was cooled to
approximately -20◦ C by using an ice / salt mixture and then slowly stirred.
Fuming nitric acid (60 mL; HNO3 , fuming 100 % GR for analysis ACS, VWR)
was successively added over a period of 6 h. The suspension was left overnight
without agitation and subsequently heated up to 60 ◦ C for 12 h. After adding 2 l
of deionized water to the reaction product, the mixture was filtered and washed
once with diluted hydrochloric acid (1M) and at least twice with deionized water
(2 l). The suspension was filtrated and then vacuum-dried. After freeze-drying
about 14 g of graphite oxide was obtained as an ivory-white powder [197]. The
material properties of GO are summarized in section 7.2.

4.2.3. Graphene oxide
For the preparation of graphene oxide, 1.1 g of GO was suspended in a mixture
of 1 l of deionized water and 0.5 ml of ammonia (25 % in water). The GO
suspension was sonicated for 24 h at 400 W. After sonication the graphite
oxide was almost complety exfoliated into single sheets and some multisheets
of graphene oxide [197, 201]. Any not exfoliated graphite oxide remains were
removed by centrifuge. The graphene oxide concentration within this stable
dispersion was approximately 1 gl−1 .

4.2.4. Graphene oxide paper (GOP)
Graphene oxide paper (GOP) was fabricated by flow-directed filtration of a
graphene oxide dispersion [110, 197, 202]. The graphene oxide dispersion was
inserted in a Büchner funnel, to which a vacuum suction was applied. For the
filtration a polyethersulfone membrane with pores of approximately 200 nm
was used. Due to the anisotropic nature of graphene oxide the sheets aligned
parallel to the filtration membrane and formed a paper-like structure of highly
oriented, overlapping graphene oxide sheets. The thickness of the GOP was
controlled by either the used amount of graphene oxide dispersion or by tuning
the filtration time. After filtration, the GOP was removed from the membrane
and vacuum-dried.
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4.2.5. Graphene oxide paper composite (cGOP)
Graphene oxide paper composites (cGOP) were assembled by dispersing carbon
nanoparticles in a graphene oxide dispersion. The same filtration technique like
for GOP was employed to build up 3-dimensional structures. The resulting
framework consists of graphene oxide sheets randomly supported by carbon
nanoparticles. In total three different types of carbon nanoparticles were utilized
as support, multi walled carbon nanotubes, onion like carbons and detonation
nanodiamonds.
Multi-walled carbon nanotubes (MWCNTs)
Multi-walled carbon nanotubes (MWCNTs) (unknown source) were dispersed
in water by sonication and then added to the graphene oxide dispersion in a 1:1
weight ratio. The resulting suspension was further sonicated for 1 h prior to
filtration.
Onion-like carbons (OLCs)
Onion-like carbons (OLCs) were synthesized from purified detonation nanodiamonds UD90 (NanoBlox Inc., USA). UD90 is an acid-purified nanodiamond
with an sp2 :sp3 ratio of approximately 1:3 [203]. OLCs were synthesized from
UD90 by annealing at 1800 ◦ C for 3 h under vacuum (10−3 to 10−4 Pa) using a
custom-made high temperature vacuum furnace (Solar Atmospheres, USA). The
particle size of the resulting OLCs was approximately 5-7 nm aggregated into
clusters up to several hundred nm [60]. Sonication was utilized to disperse the
OLC aggregates in water, before adding them to the graphene oxide dispersion
in a 1:1 mass ratio. Finally, the resulting dispersion was continuously sonicated
for 1 h prior to filtration.
Detonation nanodiamonds (NDs)
A specially treated form of UD90 detonation nanodiamonds (ND) (NanoBlox
Inc., USA) was utilized for the synthesis of the composite. The as-received
UD90 powder with aggregates of several hundred nanometer was deaggregated
by a salt milling technique. This technique uses sodium chloride salt christallites
to break down the ND aggregates [204]. The salt impurities and remaining
aggregates were removed by subsequent washing with deionized water and
centrifugation. After the rinsing a stable ND dispersion in water was achieved
by pH adjustment (≈pH 11) with a diluted sodium hydroxide solution (0.01 M).
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50 ml of pH adjusted milled NDs (unknown concentration) were added to
250 ml of graphene oxide dispersion (1 gl−1 ). Before the filtration the resulting
dispersion was sonicated for 1 h.

4.2.6. Activated carbon
Commercially activated carbon YP17 (Kuraray Chemical, Japan), these days
sold as YP50, was used as reference material for a state-of-the-art activated
carbon in this work. YP17 is produced via steam activation of pyrolyzed
coconut shell. Due to its high porosity and specific surface area (SSA) of up
to 1700 m2 g −1 it is a suitable electrode material for EDLCs. The physical
properties according to the supplier’s data sheet are summarized in Table 4.2.

Table 4.2: Physical properties of YP17 as given by Kuraray Chemical [205].

Total surface area / m2 g−1
Ash content / %
Particle diameter / µm

1600 - 1700
≤ 1.0
3 - 20

4.2.7. Conductive additive
Carbon black Super P (TIMCAL, Switzerland) was used as conductive filler for
the graphite, GO and GOpr electrodes. Super P has high void volume due to
the structural orientation of the spherical nanometer-sized particles providing a
carbon network to increase the conductivity in an electrode [206]. The physical
properties of Super P are summarized in Table 4.3.

Table 4.3: Physical properties of Super P as given by TIMCAL [207].

BET surface area / m2 g−1
Ash content / %
Moisture content / %
Particle size / nm
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< 0.1
< 0.1
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4.3. Reduction treatment for graphene oxide based materials
Compared to graphite, both GO and graphene oxide are not electrically conductive [137]. As a consequence GO and the assembled graphene oxide based
materials require further treatment to become conductive. This was done via
thermal reduction under inert gas atmosphere [137, 197]. Applying a controlled
thermal treatment allowed to produce active materials with different degrees of
reduction. These were controlled by final annealing temperature. Hence, it was
possible to perform a partial reduction of the materials yielding active materials
with different chemical composition and interlayer distance. The reduction
of the as prepared GO, GOP and cGOP was done by heating of 0.5 to 2.0 g
in a glassy carbon crucible using a tube furnace with inert gas atmosphere
(argon). The following temperature program [197] was applied consisting of
several heating steps with distinct heating rates:
• 10 Kh−1 up to 170 ◦ C
• 5 Kh−1 up to 190 ◦ C
• 1 Kh−1 up to 230 ◦ C
• 10 Kh−1 up to the final temperature
The small heating rates between 170 and 230 ◦ C are necessary to prevent a
heat induced deflagration of the particles due to an uncontrolled gas evolution
between the layers. For cooling the heating of the tube furnace was shot off
and the temperature relaxed slowly back to room temperature. The resulting
active materials were referred to as GOpr, GOPpr and cGOPpr, where the
abbreviation ”pr” was used for ”partially reduced”.

4.4. Electrode preparation
4.4.1. Polytetrafluoroethylene (PTFE) bound electrodes
Free-standing polytetrafluoroethylene (PTFE) bound sheets of active material
were utilized as electrode films. The sheets were made from a slurry comprising
of 80 wt.% active material, 10 wt.% conducitve additive (Super P, TIMCAL,
Switzerland) and 10 wt.% PTFE (60 wt.% polytetrafluoroethylene dispersion
in water, Alfa Aeser, USA) mixed in ethanol (analytical grade). The slurry was
heated up to 200 ◦ C under constant stirring until the ethanol was completely
evaporated. The obtained dough-like mass was kneaded repeatedly and rolled
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into flat sheets with a distinct thickness between 0.1 and 0.2 mm. Finally
the composite sheet was dried at 120 ◦ C under vacuum of 103 Pa for 12 h
and then pressed on to a carbon-coated aluminum current collector (Gaia
Akkumulatorenwerke, Germany).

4.4.2. Polyvinylidene fluoride (PVDF) bound electrodes
Polyvinylidene fluoride (PVDF) bound active material was directly casted
on a current collector, either a 22 µm copper or 17 µm aluminum foil. The
casted electrode materials were prepared by a slurry of 80 wt.% active material,
10 wt.% conductive additive (Super P, TIMCAL, Switzerland) and 10 wt.%
polyvinylidene difluoride (PVDF, Kynar Flex) mixed in N-Methyl-2-pyrrolidon
(NMP). In order to gain a homogenous mixture within the dispersion it was
stirred for 5 min and if needed further NMP was added for the porpose to adjust
the viscosity. The obtained slurry was casted on the current collector with a
thickness of approximately 0.1 mm using the doctor blade technique. Finally
the electrodes were heated at 80 ◦ C for 4 h in vacuum of 103 Pa to remove the
NMP.

4.4.3. Film electrodes
The paper-like materials GOPpr and sGOPpr were directly employed as freestanding electrode films. In order to reduce their contact resistance they were
combined with a carbon-coated aluminum current collector (Gaia Akkumulatorenwerke, Germany).

4.4.4. Determination of the mass of the active material
Prior to the experiments the used electrodes were weighed utilizing a METTLER
AE260 DeltaRange balance with a systematic error of 0.1 mg. According to
the electrode composition, the mass of the active material was 80±2% of the
electrode mass. The ±2% is an assumed systematic error due to possible
inhomogenities of the composite.
Therefore all presented data based on mass normalized values comprise the sum
of these two errors as an systematic error.
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5.1. Overview of the used organic electrolytes
Beside the choice of a suitable electrode material also the selection of the right
electrolyte is important when aiming for high-energy EDLCs. According to
Equation 2.12 the energy of an EDLC is proportional to the voltage by the
power of two and thus in order to increase the overall energy the voltage needs
to be maximized. The maximum voltage of an EDLC is dependent on both
the anodic as well as the cathodic decomposition potential of the electrolyte
in combination with the stability of the used electrode material. Therefore,
organic electrolytes are employed in high-energy EDLCs which provide a large
stability window.
The standard organic electrolytes for EDLCs are based on quatenery ammonium salts in combination with organic solvents [208], like tetraethylammonium
tetrafluoroborat in acetonitrile or propylene carbonate. These standard electrolytes are the obvious choice in order to investigate the potential of the
introducecd graphene based materials (compare chapter 4) for EDLC applications. However, since the used electrolyte also might have an influence on the
achievable specific capacitance it is necessary to determine the effects of the
employed ions and solvents.
Figure 5.1 displays the implemented variations of the used electrolytes. Starting from the standard electrolyte a first alteration was performed by the use of
lithium based electrolytes. In lithium electrolytes, the cation is lithium, which
allows to study the influence of the ion size on the specific capacitance for the
negative polarization.
Beside the size of the ion also the used solvent might alter the results in specific
capacitance. This was addressed by the use of an ionic liquid which allows
investigations without a solvent and solvent related effects. In addition the
ionic liquid was used to study the influence of the ion concentration. Diluting
the ionic liquid with organic solvent resulted in electrolytes having molarities
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Standard electrolyte

Influence of cathion size

Lithium electrolyte

Influence of solvent

Ionic liquid

Figure 5.1: Visualization of the variations of the used organic electrolytes, in order
to study different effects of the electrolyte on the specific capacitance.

between 1 and 6M and hence the influence of the ion concentration on the
specific capacitance could be addressed.
The most important physical and chemical properties of the used organic
solvents and salts are summarized within this chapter.
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5.2. Electrolyte solvents
5.2.1. Acetonitrile (AN) and propylene carbonate (PC)
Acetonitrile (AN) and propylene carbonate (PC) are the two commonly used
dipolar aprotic electrolyte solvents for EDLCs. The use of nonaqueous solvents
has several advantages such as: a high decomposition voltage, allowing a larger
operation voltage window, a high temperature range, especially for operation
temperatures below 0 ◦ C, and a none corrosive behavior, allowing the use of
low cost metals like aluminum [208, 209]. However, employing nonaqueous
solvents has also some disadvantages as: a lower electrolytic conductivity, the
need for tight closure of the cells to isolate from atmospheric moisture, possible
environmental impacts and a higher cost [208]. Some important physical and
chemical properties of AN and PC are summarized in Table 5.1.

Table 5.1: Physical and chemical properties of acetonitrile (AN) and propylene carbonate (PC) [208, 210, 211]

Van der Waals volume V / Å3
Boiling point / ◦ C
Melting point / ◦ C
Dipole moment µ / Da
Relative permittivity r
Electrical conductivity σ / mScm−1
Reduction potential Ered b/ V vs. SCE
Oxidation potential Eox b/ V vs. SCE
a
b

AN

PC

47.1
82
-49
3.5
35.9
49.6
-2.8
+3.3

82.8
242
-49
4.9
64.9
10.6
-3.0
+3.6

D is the debye unit, 1D ≈ 3.34 · 10−30 Cm−1 .
Measured using glassy carbon as working and counter electrode.

Figure 5.2 shows the calculated van der Waals surface of AN and PC in color
according to the electrostatic potential calculated using the program Avogadro
with the Merck molecular force field (MMFF94) [212, 213]. The electro-negative
parts of the molecules are colored in red whereas the electro positive-parts are
denoted with blue. The van der Waals surfaces give a visual comparison of
the actual size of the solvent molecules. It is noted, that PC shows 75 % more
volume than AN.
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AN

PC

0.25 nm

Figure 5.2: Lewis formula and calculated van der Waals surface of the ball and
stick model of acetonitrile (AN) and propylene carbonate (PC). The
surface is colored according to electrostatic potential (force field MMFF94
[212, 213]), red for negative, blue for positive and green for neutral. The
color code of the atoms is: carbon in gray, oxygen in red, nitrogen in
blue and hydrogen in white.

5.2.2. Ethylencarbonate dimethylcarbonate (EC:DMC)
Ethylencarbonate dimethylcarbonate (EC:DMC) in ratio of 1:1 is commonly
used solvent of lithium electrolytes for lithium ion batteries. Beside it’s function
as solvent it takes part in the formation of a passivating film on the electrode
surface, the so-called solid electrolyte interphase (SEI) [214]. Some important
physochemical properties of EC:DMC are summarized in Table 5.2.
The calculated van der Waals surface of ethylencarbonate (EC) and dimethylcarbonate (DMC) are shown in Figure 5.3 and the surface is colored according to
either the electro-positive (red) or electro-negative (blue) electrostatic potential.
Comparing the molecular volumes reveals that both EC and DMC have a similar
volume like PC.
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Table 5.2: Physical and chemical properties of ethylencarbonate (EC) and dimethylcarbonate (DMC) [208]

Boiling point / ◦ C
Melting point / ◦ C
Relative permittivity r
Electrical conductivity σ / mScm−1
Reduction potential Ered a/ V vs. SCE
Oxidation potential Eox a/ V vs. SCE
a

EC

DMC

328
37
90
13.1
-3.0
+3.2

90
3
3.1
2.0
-3.0
+3.7

The limiting reduction and oxidation potentials where measured
using glassy carbon as working and counter electrode.

EC

DMC

0.25 nm

Figure 5.3: Lewis formula and calculated van der Waals surface of the ball and stick
model of ethylencarbonate (EC) and dimethylcarbonate (DMC). The
surface is colored according to electrostatic potential (force field MMFF94
[212, 213]), red for negative, blue for positive and green for neutral. The
color code of the atoms is: carbon in gray, oxygen in red and hydrogen
in white.
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5.3. Electrolyte ions
5.3.1. Tetraethylammonium tetrafluoroborat (TEABF4 )
Tetraethylammonium tetrafluoroborat (TEABF4 ) (Figure 5.4) is the most
common quaternary organic salt for EDLCs [10, 208–210, 215]. It is used in
combination with polar aprotic solvents like AN or PC with a typical concentration of 1M. Table 5.3 summarizes some of its physical and chemical
properties.

TEA+

BF4-

0.25 nm

Figure 5.4: Lewis formula and calculated van der Waals surface of the ball and stick
model of tetraethylammonium (TEA+ ) and tetrafluoroborat (BF−
4 ). The
color code of the atoms is: carbon in gray, nitrogen in blue, hydrogen in
white, boron in rose and fluorine in light blue.

The computed van der Waals surfaces of TEA+ and BF−
4 (Figure 5.4) illustrate the relative size of these quaternary organic ions. A comparison with the
common aqueous electrolyte KOHaq. reveals the hugeness of TEABF4 . The
ionic radii of K+ and OH− are 1.41 Å [216] and 1.52 Å [217], respectively,
whereas the van der Waals radii of TEA+ and BF−
4 are 3.36 Å and 2.27 Å,
respectively (Table 5.3). Thus, TEABF4 is about 8 times larger than KOH.
In addition to the radii of the bare ions also information about the radii of
the solvated ions are important. In case of a double layer formation, the ions are
estimated to be at least partially solvated. Molecular dynamics simulations for
TEABF4 have shown that the size range of AN-solvated BF−
4 ions is from 9.5
to 11.6 Å, indicating an AN coordination number between 7 and 9. In contrast
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the size of AN-solvated TEA+ range from 10.6 to 13.0 Å, corresponding to a
coordination number between 7 and 16 [218, 219]. Hence, the solvation energy
+
for BF−
cations in AN can be calculated to -188 kJmol−1
4 anions and TEA
−1
(-1.94 eV) and -214 kJmol (-2.22 eV), respectively [220].
In case of using PC as a solvent, the values for the solvated ions were computed
+
to be 14.0 Å (8 x PC) for BF−
[218].
4 and 13.5 Å (4 x PC) for TEA

Table 5.3: Physical and chemical properties of tetraethylammonium (TEA+ ) and
tetrafluoroborat (BF−
4 ) [208, 210, 221–223]

Van der Waals radius / Å
Van der Waals volume / Å3
Oxidation potential Eox / V vs. Li/Li+

TEA+

BF−
4

3.36
154

2.27
49
6.6a/ 5.9b

TEABF4
c

−1

Ionic conductivity in AN / mScm
Ionic conductivity in PCc/ mScm−1
Reduction potential Ered / V vs. Ag/Ag+
Oxidation potential Eox / V vs. Ag/Ag+
a
b
c
d

56
13
-3d
+3.65d

Measured on glassy carbon using PC with a stability cut-off criteria of
1 mAcm−2 .
Measured on glassy carbon using AN with a stability cut-off criteria of
1 mAcm−2 .
Ion concentration 1M at 25 ◦ C.
Measured on glassy carbon with an ion concentration of 0.65M in PC.
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5.3.2. Lithium perchlorate (LiClO4 )
Lithium perchlorate (LiClO4 ) (Figure 5.5) was used witin this work as lithium
electrolyte. Its physochemical properties are summarized in Table 5.4.

Li+

ClO4-

0.25 nm

Figure 5.5: Lewis formula and calculated van der Waals surface of the ball and stick
model of lithium (Li+ ) and perchlorate (ClO−
4 ). The color code of the
atoms is: lithium in violet, oxygen in red and chlorine in green.

Table 5.4: Physical and chemical properties of lithium (Li+ ) and perchlorate (ClO−
4 )
[208, 210, 221, 222]

Van der Waals radius / Å
Van der Waals volume / Å3
Oxidation potential Eox / V vs. Li/Li+

Li+

ClO−
4

0.76
1.8
-

2.36
55
6.1a/ 5.7b

LiClO4
Ionic conductivity in ANc/ mScm−1
Ionic conductivity in PCc/ mScm−1
a
b
c

48

32
5.6

Measured on glassy carbon using PC with a stability cut-off criteria
of 1 mAcm−2 .
Measured on glassy carbon using AN with a stability cut-off criteria
of 1 mAcm−2 .
Ion concentration 1M at 25 ◦ C.

5.3. Electrolyte ions

5.3.3. Lithium hexafluorophosphate (LiPF6 )
Lithium hexafluorophosphate (LiPF6 ) (Figure 5.6) is the common salt used
in lithium ion batteries. Table 5.5 summarizes the important physical and
chemical properties.

Li+

PF6-

0.25 nm

Figure 5.6: Lewis formula and computed van der Waals surface of the ball and stick
model of lithium (Li+ ) and hexafluorophosphate (PF−
6 ). The color code
of the atoms is: lithium in violet, phosphor in orange and fluorine in light
blue.

Table 5.5: Physical and chemical properties of lithium (Li+ ) and hexafluorophosphate
(PF−
6 ) [208, 221, 222, 224–226]

Van der Waals radius / Å
Van der Waals volume / Å3
Oxidation potential Eox / V vs. Li/Li+

Li+

PF−
6

0.76
1.8
-

2.54
69
6.8a/ 6.0b
LiPF6

Ionic conductivity in EC:DMCc/ mScm−1
a
b
c

10.8

Measured on glassy carbon using PC with a stability cut-off criteria of
1 mAcm−2 .
Measured on glassy carbon using AN with a stability cut-off criteria of
1 mAcm−2 .
Ion concentration 1M, solvent ratio 1:1, at 25 ◦ C.
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5.3.4. 1-ethyl-3-methylimidazolium tetrafluoroborat (EMIMBF4 )

1-ethyl-3-methylimidazolium tetrafluoroborat (EMIMBF4 ) (Figure 5.7) is an
ionic liquid suitable for the use in EDLCs. Ionic liquids are a special class of
electrolytes. They consist of a salt which is liquid at room temperature without
the need of any molecular solvent. Their pure ionic nature and high electrochemical stability makes them an interesting candidate for electrochemical energy
storage systems like EDLCs [227].

For this work, this particular ionic liquid was chosen because of its similarities
to TEABF4 . On the one hand both have the same anion BF−
4 and on the
other hand EMIM+ has a comparable size to TEA+ (Figure 5.7). In addition,
EMIMBF4 provides the option for solvent free electrochemical measurements
and to study the effect of increased ion molarity. Further, the dilution of
EMIMBF4 in organic solvents like AN or PC allows to study the effect of the
solvent. Table 5.6 summarizes some of the relevant properties of EMIMBF4 .

EMIM+

BF4-

0.25 nm

Figure 5.7: Lewis formula and calculated van der Waals surface of the ball and stick
model of 1-ethyl-3-methylimidazolium (EMIM+ ) and tetrafluoroborat
(BF−
4 ). The color code of the atoms is: carbon in gray, nitrogen in blue,
hydrogen in white, boron in rose and fluorine in light blue.

50

5.4. Electrolyte blends

Table 5.6: Physical and chemical properties of 1-ethyl-3-methylimidazolium (EMIM+ )
and tetrafluoroborat (BF−
4 ) [221, 222, 227–229]

Van der Waals radius / Å
Van der Waals volume / Å3
Oxidation potential Eox / V vs. Li/Li+

EMIM+

BF−
4

ca. 131
-

2.27
49
6.6a/ 5.9b

EMIMBF4
Density / gcm−3
Concentration / M
Ionic conductivity / mScm−1
Reduction potential Ered / V vs. Ag/Ag+
Oxidation potential Eox / V vs. Ag/Ag+
a
b
c

1.24
6.48
14
-2.1c
+2.2c

Measured on glassy carbon using PC with a stability cut-off criteria of
1 mAcm−2 .
Measured on glassy carbon using AN with a stability cut-off criteria of
1 mAcm−2 .
Measured on a platinum working electrode.

5.4. Electrolyte blends
5.4.1. Commercially available electrolytes
The following commercially available organic electrolyte blends were used for
this work as received:
• 1M tetraethylammonium tetrafluoroborate in acetonitrile (1M TEABF4 /AN)
from Honeywell Speciality Chemicals Seelze, Germany.
• 1M tetraethylammonium tetrafluoroborate in propylene carbonate (1M
TEABF4 /PC) from Ferro Corporation, USA.
• 1M lithium perchlorate in propylene carbonate (1M LiClO4 /PC) from
Ferro Corporation, USA.
• 1M lithium hexafluorophosphate in ethylencarbonate dimethylcarbonate
(1:1) (1M LiPF6 / EC:DMC) from Novolyte technologies, USA
• 1-ethyl-3-methylimidazolium tetrafluoroborat (EMIMBF4 , purity: >99%)
from Iolitec GmbH, Heilbronn, Germany.
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5.4.2. Prepared electrolytes
LiClO4 / AN
1M lithium perchlorate in acetonitrile (1M LiClO4 /AN) was prepared in house
from dried LiClO4 salt (Sigma–Aldrich, electrochemistry grade) and anhydrous
acetonitrile (Sigma–Aldrich, water content < 10 ppm). The water content was
further reduced by lithiated molecular sieves.
Binary mixtures of EMIMBF4 with organic solvents
Binary mixtures of EMIMBF4 with the organic solvents AN and PC were
prepared by combining the as received ionic liquid with either anhydrous
acetonitrile (Sigma–Aldrich, water content < 10 ppm) or anhydrous propylene
carbonate (Purolyte R series from Novolyte technologies, USA, water content
< 10 ppm). The level of dilution was calculated by the masses of the ionic
liquid and the used solvents, resulting in the mole fraction χIL of EMIMBF4 :
χIL =

nIL
nIL + nSOLV

(5.1)

where nIL is the calculated amount of ionic liquid (MEM IM BF4 = 197.97 gmol−1
[230]) and nSOLV is the calculated amount of solvent (MAN = 41.05 gmol−1
[231] and MP C = 102.09 gmol−1 [232]), each in mole.
In case of the binary EMIMBF4 / AN mixture, experimental data published
by Buchner et al. [228] allows a correlation between χIL and the EMIMBF4
molarity in the mixture. Figure 5.8 shows the molarity of EMIMBF4 as a
function of its mole fraction. An exponential fit was used to describe the
correlation between the two values and thus allowed to calculate the molarities
for the prepared EMIMBF4 / AN mixtures, which are summarized in Table 5.7.
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7

[EMIMBF4] / M

6
5
4
3
2
Experimental data
Exponential fit

1
0

0.0

0.2
0.4
0.6
0.8
Mole fraction χIL of EMIMBF4

1.0

Figure 5.8: Molarity of EMIMBF4 / AN plotted as a function of the mole fraction
χIL of EMIMBF4 in AN. The experimental data was taken from (Table 3
in [228]) and an exponential fit (gray) was applied to calculate molarities
of EMIMBF4 / AN. Adapted from [233].

Table 5.7: Mole fraction χIL of EMINBF4 in AN and the calculated molarities of
EMIBF4 / AN using the exponential fit achieved by the experimental data
from Buchner et al. [228]. Adapted from [233].

Mole fraction χIL

Molarity of EMIMBF4 / AN
[M]

1.00
0.87 ± < 0.01
0.69 ± 0.04
0.56 ± 0.02
0.39 ± < 0.01
0.25 ± 0.01
0.05 ± < 0.01

6.48
6.14 ± < 0.01
5.69 ± 0.12
5.24 ± 0.09
4.34 ± < 0.01
3.19 ± 0.06
0.86 ± < 0.01
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6.1. Physical and chemical characterization of the active
material
6.1.1. Imaging techniques
Light microscopy
Light microscope of the Raman microscope LabRAM HR, HoribaJobinYvon
equipped with a x100 objective (Olympus) was utilized for a visual inspection
of the electrode materials.
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was used to image the morphology of
the electrode materials. The SEM micrographs are produced by scanning the
sample with a focused electron beam. Inelastic scattering interactions between
the scanning beam and the specimen produce low energy secondary electrons
which can be either detected with a so-called in-lense or SE2 detector. The
resulting micrographs show a high spatial resolution, high depth of field as well
as a material and orientation dependent contrast [234–237].
All SEM micrographs of this work were taken with a FE-SEM Ultra55
microscope from Carl Zeiss, Germany. The used acceleration voltage was
between 1 and 5 kV.
Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) was utilized for visualization of the
graphene oxide, GOpr and carbon nanostructures. The TEM micrographs
were acquired by a beam of electrons transmitted through the sample. While
transmitted through the sample the electrons interact with the atoms of the
specimen by scattering. The contrast of the resulting micrographs is dependent
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on the mass of the specimen atoms and its thickness, as both have a direct
influence on the scattering of the electrons. The image contrast comprises also
information based on electron diffraction of the crystalline parts of the specimen
[237, 238].
The TEM micrographs of this work were acquired at the ETH with a CM
30 ST TEM from Phillips, Netherlands, with an acceleration voltage of up to
300 kV.

6.1.2. Spectroscopic techniques
X-ray diffraction (XRD)
X-ray diffraction (XRD) was employed to determine the crystalline structure
of the active materials used in this work. A monochromatic beam of X-rays
is diffracted by the lattice of the investigated structure. Periodic crystalline
structures lead to constructive and destructive interferences due to the phase
shift of the X-ray beam. The constructive interference increases the diffraction
signal at certain angles of incidence and hence indicate a periodicity [239].
According to Bragg’s law:
nλ = 2d · sinθ

(6.1)

intensity maxima of the diffraction signal can be found if the multiple n of
the X-ray wavelength λ equals two times the periodic distance in the lattice d
times sinus of the angle of incidence θ. Hence, the peak positions of a X-ray
diffractogram are used to directly calculate the periodicity within the lattice of
the investigated material.
In addition to the peak position , the width of the diffraction peak is evaluated to
establish the crystallite size. According to the Scherrer equation [240] crystallite
size L can be calculated by:

L=

K ·λ
∆θF W HM · cos θ

(6.2)

where ∆θFWHM , θ and λ are the full width at half maximum (FWHM), the
Bragg angle of the diffraction peak and the wavelength of the X-ray source,
respectively. The numeric factor K is known as the Scherrer form factor which
is dependent on the shape of the crystallites [241, 242]. For 3-dimensional (hkl)
lattice reflections one may use in a first approximation the proposed form factor

56

6.1. Physical and chemical characterization of the active material

by Scherrer [240]:
r

ln2
π
which is usually approximated with 0.9 [239, 243, 244].
K=2

(6.3)

The following XRD systems were employed during this work:
• Powder diffractograms of the active materials were measured by a STOE
STADI P2 in transmission-mode with a wavelength of 0.154 nm (CuKα);
• XRD patterns of the film electrodes were recorded by a Bruker D8 system
in reflection mode with a wavelength of 0.154 nm (CuKα);
• In-situ diffractograms of the self-made film electrodes were traced by synchrotron X-ray diffraction at the Materials Science beamline (MS-X04SA)
of the Swiss Light Source (SLS), Paul Scherrer Institute (PSI), Switzerland
[245]. The synchrotron diffraction measurements were performed for 60 s
in transmission mode at a wavelength of 0.07085 nm using a focused
monochromatic beam of 0.5 mm x 0.5 mm area.

Raman spectroccopy
Raman spectroscopy was employed in order to obtain information about the
bonding arrangement of sp2 -hybridized carbon and disorder. Raman spectroscopy is based on the analysis of inelastically scattered light. The scattering
takes place due to optical modes which are originated from the change in polarizability of molecules or the susceptibility of excited crystals. These optical
phonons are the most frequently investigated species. However, a phonon can
only contribute to a Raman process if it induces a change in polarizability. This
is not necessarily the case for any vibration, but depends on the local symmetry
[246].
Two Raman active vibrational modes for single-crystalline graphite shown
(2)
in Figure 6.1. But only the second E2g , referred to as G-band, is accessible
for Raman spectroscopy, because of the cut-off at around 120-150 cm−1 in the
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E2g(1)

E2g(2)

47 cm-1

1588 cm-1

Figure 6.1: Raman active vibrational modes for single-crystal graphite, adapted from
[247].

spectrum as a result of the used Rayleigh-scattering filter [247, 248].
While for non single-crystal graphite as well as graphitic materials, a second
Raman feature is observable at approximately 1355 cm−1 . This mode is related
to an A1g -type vibrational mode (Figure 6.2) of small crystallites and boundaries
of larger crystallites [248, 249]. The mode is attributed to the disorder within
the crystal and has been referred to as D-band. For infinite graphite crystals
this mode is inactive as the changes in polarizability are self-liquidating.
The intensity ratios of D- to G-band was found to be dependent on the
in-plane domain size La [248]. An approximately linear behavior between La
and the intensity ratio of D- to G-band was derived from the combination of
XRD based crystallographic information with results from Raman spectroscopy
[250]:

La = 44(

ID −1
)
IG

(6.4)

Hence the crystallite size La is directly proportional to the inverse of the
D-band intensity divided by the G-band intensity.
The Raman spectroscopy of this work was performed by using a Renishaw 1000
micro-spectrometer, United Kingdom, operated with an excitation wavelength
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A1g

1355 cm-1
Figure 6.2: Raman active mode of small domains of graphite, adapted from [248, 249].

of 514.5 nm and a grating of 1800 lines/mm. The instrument showed a spectral
resolution of 1.5 cm−1 and a spatial resolution of approximately 2 µm.
Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) was used to identify surface
groups in the active material. Infrared spectroscopy is a popular spectroscopic
techniques, because nearly all materials and chemical bonds exhibit a more or
less expressed absorption in the infrared (IR) spectral range. These absorption
processes are based on the transitions across the energy gap, from excitons or
from impurity states. In addition there are also some IR-active vibrational
modes which yield valuable complementary information obtained from Raman
spectroscopy [246, 251].
The main part of the FTIR is based on the Michelson interferometer. The
light energy is measured simultaneously, only after the experiment the spectral
components are mathematically disentangled from the interferogram by Fourier
transformation. Therefore, the total beam intensity hits the detector nearly
for the whole period of the measurement. Simultaneously the full spectrum is
measured during the whole period [246, 251].
The FTIR measurements were performed at the ETH with a Perkin Elmer
2000NIR FTIR utilizing a micro ATR reflexion unit (Specac, Golden Gate).
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Energy dispersive X-ray spectroscopy (EDX)
The chemical bulk compositions of the active materials were measured by
energy dispersive X-ray spectroscopy (EDX). EDX is an electron induced Xray spectrochemical technique that allows to determine the local chemical
composition. It is performed by focusing an electron beam with a defined
acceleration voltage on the area of interest. Characteristic X-rays are generated
when an incident electron knocks out an inner-shell electron of the specimen
which is then filled by an electron from higher orbit. The energy difference is
emitted as X-rays and is element specific [236, 252]. The interaction volume
from which the X-ray signal arises, has an acceleration voltage dependent
penetration depth. This penetration depth R [µm] can be calculated by the
Kanaya-Okayama model [252–254]:
R=

0.0276 · M · E 1.67
ρ · Z 0.89

(6.5)

with molar mass M [gmol−1 ], acceleration voltage E [kV], density ρ [gcm−3 ]
and atomic number Z.
All presented EDX measurements in this work were conducted with an EDAX
TSL from AMETEK using an acceleration voltage of 10 kV. As the used active
materials were graphitic, the penetration depth can be calculated by using the
values of carbon and the density of graphite which results in a penetration
depth of about 1-2 µm. Therefore, the elemental information derived from EDX
is dominated by the chemical composition of the bulk active material.

6.1.3. Analytic techniques
Nitrogen gas sorption at 77 K
The specific surface area (SSA) and porosity of the active materials were
investigated by nitrogen gas sorption at 77 K. This technique is based on the
measurement of the gas adsorption and desorption isotherm. These isotherms
are corresponding to the gas adsorbed and desorbed by a substrate at a certain
relative pressure. In this work, the choice of the adsorbate was nitrogen and the
SSA values were evaluated according to the BET model [255]. All measurements
were carried out with an Autosorb-1 from Quantachrome Instruments, USA
and the data evaluation was computed using the provided software Autosorb.
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CE

ICE = –IWE
Function
generator
&
Power
source

Ucell

RE

WE

UWE

Figure 6.3: Electrochemical characterization using a three-electrode setup. The
working electrode (WE), counter electrode (CE) and reference electrode
(RE) are indicated along with the current (ICE = -IW E ), voltage of the
WE (UW E ) and the cell voltage (Ucell ). Adapted from [23].

Elemental analysis
Elemental analysis was used to determine the exact chemical composition of
the active materials. The specimen was combusted under controlled conditions
allowing a quantitatively analyses of the combustion products. The elemental
analyses shown in this work were conducted at the ETH employing a LECO
CHN-900.

6.2. Electrochemical characterization of the active material
6.2.1. The electrochemical cell
Electrochemical characterization of the active materials was realized by using
a three-electrode electrochemical cell. Figure 6.3 displays the basic schematic
of the three-electrode arrangement of an electrochemical cell, consisting of a
working electrode (WE), counter electrode(CE) and reference electrode (RE).
The cell was connected to an electrochemical test station, either a potentiostat
or a galvanostat which served as function generator and power source. During
the electrochemical measurements the potential and current of the WE were
varied and recorded. The potential was controlled / measured between WE and
RE, whereas the current was measured / controlled between WE and CE. For
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a)

b)
CE, SCE

CE

RE

SCE

WE,SWE

RE

WE, SWE

Figure 6.4: Schematic of the three electrode electrochemical cell used for a) standard
single electrode measurements and b) single electrode measurements with
two reference electrodes.

an electrochemical characterization the current IW E between WE and CE, the
voltage UW E between WE and RE, the cell voltage Ucell between WE and CE
and the time were recorded.
In total three different electrochemical test stations were employed during this
work:
• VMP3 potentiostat from BioLogic, France;
• IME6e potentiostat from Zahner-Elektrik GmbH & Co. KG, Germany;
• CCCC battery cycler (galvanostat) from Astrol Electronics, Switzerland.
Three electrode setup / single electrode measurement
Figure 6.4a displays a standard three electrode arrangement for the electrochemical characterization of an active material, which is connected as the WE.
In case of the shown equivalence circuit, the potential of the WE is measured
between the working electrode sense (SW E ) and the RE, whereas the current of
the WE is measured between WE and CE. In case of using a VMP3 potentiostat
there is also a counter electrode sense (SCE ) available and therefore it is possible
to measure the potential of the CE between SCE and RE. The SCE can also
be used to measure the potential of the WE against a second RE∗ . In this
case the potential of the WE is measured and controlled between SW E and RE,
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a)

b)
CE, RE, SCE

CE, RE

SCE
WE,SWE

WE, SWE

Figure 6.5: Schematic of the two electrode electrochemical cell employed for a) full
cell measurements and b) full cell measurements while monitoring the
electrode potentials with a reference.

but in addition SCE is connected to a second RE∗ and the measured potential
difference between SCE (attached to RE∗ ) and RE can be used to calculate the
potential between WE and RE∗ (Figure 6.4b).

Two electrode setup / full cell measurement
In case of a two electrode arrangement, the electrochemical cell is connected
as shown in Figure 6.5a. The potential of the WE is measured against the CE
and therefore corresponds to the cell voltage. This arrangement is used for
characterizations of full cells in which the electrochemical behavior of both the
WE and the CE are examined. A disadvantage of this setup is that it does not
allow to measure the individual contribution of the electrodes to the cell voltage.
However, this can be compensated by using electrochemical test stations like
the VMP3 which are providing a second sense SCE . In order to measure the
individual potentials of CE and WE during the full cell measurements, the
second sense SCE has to be connected to a RE (Figure 6.5b). Thus, it is possible
to measure the potential of the CE against the RE and to calculate the potential
of the WE by subtraction of the CE potential form the cell voltage.
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Choice of reference electrode
PTFE bound activated carbon (YP17) was used as quasi reference electrode
(QRE) throughout this work. YP17 was found to be a convenient QRE having
a stable potential in organic electrolytes during the standard experiments. The
potential of YP17 was measured to be +3.00 and +3.05 V vs. Li/Li+ in the used
electrolytes of either TEABF4 / AN or TEABF4 / PC, respectively [104, 256].
This stable potential was also verified for the use of ionic liquids, like EMIMBF4
[257], and hence it could be assumed to be the same in diluted ionic liquids.
For lithium containing electrolytes like LiClO4 / PC the potential of YP17
was measured to be +3.03 V vs. Li/Li+ [104]. In case of lithium containing
electrolytes it is also possible to use a small piece of lithium metal as reference
electrode, which has a potential of 0 V vs. Li/Li+ .

6.2.2. Electrochemical techniques
Cyclic voltammetry
Cyclic voltammetry (CV) is a commonly employed form of linear sweep voltammetry which is based on the modulation of the WE potential according to a
triangular wave [23, 24, 258]. Therefore the potential of the WE is changed by
constant rate, referred to as sweep rate ν [Vs−1 ], between two arbitrary vertex
potentials:
ν=

dϕ
= const.
dt

(6.6)

In case of pure double layer charging without any faradaic contributions, the
current response (i) is of purely capacitive nature and follows from derivation
of Equation 2.9 with respect to time [23, 24]:
i=

dq
dϕ
= Cd
= νCd
dt
dt

(6.7)

However, in a real system the contact resistance has to be taken into consideration giving an equivalent circuit as shown in Figure 2.2b. As a result the
applied potential is the sum across the resistor and the capacitor [15, 23]:
ϕ = ϕR + ϕC = iRs +
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With ϕ = νt (Equation 6.6) and i =
q = 0 at t = 0 [23]:

dq
dt



i(t) = νCd 1 − exp −

this equation can be solved for

t
Rs C d


(6.9)

After reaching the first vertex potential at tn having a current in , the equation
modifies for the subsequent sweeps to [23]:



t − tn
i(t) = in + 2νCd 1 − exp −
R s Cd

(6.10)

Figure 6.6 demonstrates the idealized response for linear sweep voltammetry
of a capacitor described with the equivalent circuit in Figure 2.2b. Applying
a linear sweep, the potential increases linearly from t0 to t1 and the current
response as a function of the time follows the Equation 6.9 and reaches the
steady value of νCd (Figure 6.6a). A reverse of the sweep direction at t1 (Figure 6.6b) causes the potential to linearly decrease till t2 . First, the current
decreases to 0, before a negative current is applied and the steady state of
−νCd is reached (Equation 6.10 with negative sweep rate). Plotting the current
response directly as a function of the potential results in an open hysteresis,
with a positive current for the charging process and a negative current for the
discharging process of the capacitance. For subsequent cycles (Figure 6.6c) the
hysteresis changes to the expected enclosed rectangular CV shape.
The effect of the single elements of the equivalent circuit Figure 2.2c on the
resulting cyclic voltammetry is shown in Figure 6.7. A linear increase in the
steady state current can be observed when increasing the capacitance (Cd ),
however, also the time for reaching the steady state increases (Figure 6.7a).
According to Equation 6.9, the exponential factor becomes more dominant by
decreasing the time t, which could be a result of an increased sweep rate ν
(Figure 6.7b), or an increased series resistance Rs (Figure 6.7c). Both result in a
more elliptic shaped CV. In case of a non-ideal capacitance any charge transfer
by Faradaic contributions (compare RP Figure 2.2c) slightly tilts the CV like
shown in (Figure 6.7d).
It is obvious that cyclic voltammetry is a powerful tool to investigate the
capacitive behavior of an active material. Beside the discussed qualitative
information, the measured data can be evaluated quantitatively. The applied
charge during the charging process and the drawn charge during the discharging
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Charge

0
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Time
Current

Charge

0

Discharge

Potential
Figure 6.6: Idealized response of a capacitor described by the equivalent circuit in
Figure 2.2c for cyclic voltammetry. a) Applied potential and current
response as a function of the time for a starting linear sweep and the
resulting current response as a function of the potential. b) Applied
potential and current response as a function of the time for a triangular
wave function, including the current response as a function of the potential.
c) like b) but with subsequent cycle. Adapted from [36]
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10 a)
5F

Capacitance / F

5

10 mVs-1
1 b)
100
500 mVs-1
0

10F

1F

0
-5

-1

-10
1Ω
1 c)
10Ω

1kΩ

1 d)

1MΩ

50Ω
0

0

-1

-1
0

1

2

3

0

1

2

3

Voltage / V

Figure 6.7: Series of CVs for a capacitor described by the equivalent circuit in
Figure 2.2c. The used parameters for the simulation were C = 1 F,
Rp = 1 MΩ, Rs = 1 Ω and ν = 10 mVs−1 . The direction of the potential
sweep is denoted with arrows and the current was normalized by the
sweep rate. The following parameters were varied a) C in F, b) ν in
mVs−1 , c) Rs in Ω and d) Rp in Ω. Adapted from [104]
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process is calculated by integration of the current over time within one closed
CV hysteresis [15, 23]:
Zt1
QCharge =

i(t) dt

(6.11)

i(t) dt

(6.12)

t0 ,i>0

Zt2
QDischarge =
t1 ,i<0

With these equations it is possible to compute the charge- / dischargeefficiency (CDE) [14, 15]:
CDE =

QDischarge
QCharge

(6.13)

as well as the available capacitance Cd [14, 15]:
Cd =

QDischarge
∆ϕ

(6.14)

Galvanostatic charge/discharge
Galvanostatic charge/discharge, referred to as galvanostatic cycling (GSC),
is a current-step-technique commonly used to characterize the charging and
discharging behavior of electrochemical energy storage devices [23, 24]. The
electrode (or the cell) is typically charged and discharged with a certain constant
current between two electrode potentials (or cell voltages) used as cutoff criteria.
When a constant current is applied to a Rs Cd circuit Figure 2.2b the potential
(voltage) response ϕ is described by [23]:


t
i
(6.15)
ϕ = Rs +
Cd
Figure 6.8 summarizes different galvanostatic measuring protocols which can
be used to determine the charge / discharge behavior. In Figure 6.8a, the
electrode (or cell) is charged with a constant current which is reversed as soon
as the maximum potential (or cell voltage) is reached. At the charge reverse
point the iR-drop is 2 · iRs as the current is reversed from a constant positive
to a constant negative one. Figure 6.8b displays a modification of this protocol,
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Figure 6.8: Idealized galvanostatic charge/discharge cycles for an electrochemical
capacitor with different charge/discharge protocols. a) Constant current
cycling, b) constant current cycling with open circuit periods, and c)
constant current constant voltage cycling. Adapted from [36].

having an open circuit period after every constant current step. The current is
zero in the open circuit periods and the electrode potential equilibrates, resulting
in two iR-drops of iRs , one at the beginning of the open circuit period and one
at the end. Another alternative is reported in Figure 6.8c. A constant potential
(or voltage) holding period is applied between the constant current steps. The
charging or the discharging of the cell is completed in the potential holding
periods. This protocol is called constant current constant voltage (CCCV).
GSC is commonly utilized to determine the capacitance in a more realistic
way. It can be either calculated by the slope of the discharge slope according to
Figure 6.8 [14, 15]::
Cd =

it
ϕ

(6.16)
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or by integration of the released charge divided by the potential difference
[14, 15]::
R
i dt
Cd =
(6.17)
∆ϕ
where ∆ϕ is the iR-corrected potential (voltage) difference.

6.3. Electrochemical test cells
6.3.1. Standard three electrode cell
The electrochemical test cell used in this work is based on a three-electrode
arrangement, including WE, CE and RE [36, 104]. Figure 6.9 displays the
schematic of the cell. The housing consisted of a polyether-ether-ketone (PEEK)
cylinder with an internal channel having a diameter of 13 mm. WE and CE
were separated by a glassfiber separator and sandwiched between two titanium
pistons in the center of the internal channel. Piston A had a fixed position
and was attached from the bottom, sealed by stainless seal cup. Piston B
was movable and was attached from the top. A spring was inserted between
piston B and the sealing stainless steal cup which applied a contact pressure of
approximately 50 Ncm−2 . Four concentric channels were leading to the central
part of the PEEK cylinder, where the separated WE and CE were located. One
of these channels was used to attach the RE, which was separated by glassfiber
against the WE/CE sandwich and was connected by a titanium screw from
the outside. The other channels were closed by PEEK screws and were used
for electrolyte filling. The sealing between the different parts of the cell was
achieved by O-rings consisting of ethylene-propylene-diene-monomer rubber
(EPDM).
The electrochemical cell was usually assembled under ambient conditions and
then transfered to an argon filled glovebox showing less than 1 ppm H2 O and
O2 . Prior to the transfer procedure, the cell was dried for 12 h under vacuum
of 103 Pa at 120 ◦ C. After filling with electrolyte the cell was transfered out of
the glovebox and stored under ambient conditions.

6.3.2. In-situ dilatometry cell
In-situ electrochemical dilatometry is a technique which allows to measure the
expansion of an electrode during an electrochemical characterization. The em-
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Figure 6.9: Schematic of the three electrode electrochemical cell used of cyclic voltammetry and galvanostatic cycling. Adapted from [36]

ployed dilatometer cell was based on a three-electrode design [104, 259], which
was comparable to the commercially available dilatometer cell ECD-2 from ELCell, Hamburg, Germany [260]. A detailed cross-section of the used dilatometer
cell is presented in Figure 6.10. It consisted of a PEEK body with two titanium
plungers to connect the electrodes. The bottom Ti-plunger connecting the
CE was fixed against the solid glass frit (porosity P2: 40-100 µm) separator
whereas the top Ti-plunger was movable. The glass frit in combination with
a cellulose-based paper separator (Maxwell Technologies, Switzerland) served
as a fixed reference level for the degree of expansion of the WE perpendicular
to the separator. In this arrangement, the WE was sandwiched between the
glass frit and the movable titanium plunger and compressed by a weight load of
10 N. All parts were sealed by EPDM O-rings, in order to isolate the cell from
atmospheric moisture.
Prior to the experiments, the prepared cell was dried for 12 h at 120 ◦ C under
vacuum of 103 Pa. The electrolyte was introduced into the dilatometry cell
in an argon filled glovebox containing less than 1 ppm H2 O and O2 . During
the measurement the cell was kept under a constant temperature of 20 ◦ C,
employing a temperature test chamber (Binder, Germany). The electrochemical
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Displacement transducer

Ti membrane
Spring
WE
Ti plunger
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CE
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Electrolyte inlet
Ti piston
Figure 6.10: Schematic of the in-situ dilatometry cell, based on a three electrode
electrochemical cell. Adapted from [104]

characterization was done with an IM6e potentiostat (Zahner-Elektrik GmbH &
Co. KG, Germany). Any changes in height and potential were measured with a
DP1S displacement transducer (Solartron Metrology, UK) in combination with
a digital multimeter (34401A, Hewlett Packard), respectively. The acquisition
of the dilatometric data was controlled by LabVIEW.
During the measurements two individual data sets were generated, one from
the potentiostat including time, current and potential and one from LabVIEW
containing time, voltage and height. These two data sets were processed with
MATLAB to combine all information. The data sets were synchronized by
utilizing the MATLAB function synchronize(), which re-sampled two time series
object using a common time vector. In addition, the measured height was
recalculated to the relative electrode expansion by normalization to the initial
electrode height, which was measured by a thickness gauge (Mitutoyo Absolute
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Figure 6.11: Schematic of the in-situ XRD cell, based on a two electrode electrochemical cell. Adapted from [104]

ID-C112B) prior to the dilatometric experiment. Further, the current was
normalized by the active mass of the electrode and the specific capacitance was
computed.

6.3.3. In-situ X-ray diffraction cell
Figure 6.11 outlines the schematic of the electrochemical cell used for the in
situ X-ray diffraction experiments [104, 261]. It consisted of a two electrode
design without a RE. The incident X-rays entered the cell through an aluminum
window with a diameter of 4 mm. Then they passed through the sandwich
of WE, separator and CE and finally left the cell through a second aluminum
window with diameter of 6 mm. In order to increase the interaction volume with
the X-rays, the used WE had a thickness of approximately 0.5 mm. In contrast
to the WE the CE consisted of a ring which minimized the interaction volume
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with the X-rays. The CE was made of PTFE bound YP17 with a thickness
of 3 mm and approximately 30 times larger than the mass of the WE. Due to
the over-sized CE, the potential shift of the WE during the measurement could
been minimized. The aluminum windows of the cell consisted of aluminum
foil (kitchen foil), with a thickness of 0.025 mm thick, laminated on a 0.3 mm
thick aluminum sheet by a conductive aluminum tape (aluminum foil tape 1170,
3M, conductive acrylic adhesive, 0.08 mm thick). Therefore, the WE, glassfiber
separator and two times aluminum foil, with a combined thickness of 0.050 mm,
were in the transmission pathway of the X-rays.
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Chapter 7.
Partially reduced graphite oxide (GOpr)∗
7.1. Motivation
One of the most challenging aspects for the utilization of graphene in EDLCs
electrodes is to assemble 3-dimensional structures suitable for double layer
formation. An ideal graphene structure should provide on the one hand the
theoretically specific surface area of graphene (2630 m2 g−1 ) [65–67] and on
the other hand yield a conductive framework up to a thickness of 100 µm.
However, most of the so called ”graphene capacitors” only provide a relative
small SSA (determined by BET) due to agglomeration of graphene (compare
subsection 3.2.2). Hence, the question is if they really enable to use the full
potential of graphene.

Graphite
GO

GOpr
chemical oxidation

thermal reduction

Figure 7.1: Schematic sketch of the modification of graphite by chemical oxidation
to GO followed by partially thermal reduction to GOpr.

This chapter will summarize the characterization of partially reduced graphite
∗

Parts of this chapter are based on [262–264]
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oxide (GOpr) as a novel approach to utilize the specific surface area of graphene
for EDLCs. The idea is to modify the interlayer distance of graphite to yield
improved accessibility for organic electrolytes towards the internal graphene
sheets without destroying the macroscopically layered structure. This top-down
approach involves chemical oxidation of graphite to GO followed by a thermal
reduction to GOpr (Figure 7.1). Due to modifications in the maximum temperature of the partial reduction treatment the resulting GOpr materials yielded
different interlayer distances. In order to differ between these unique GOpr the
following nomenclature was used: the abbreviation ”GOpr” is combined with
the measured interlayer distance in Ångström, e.g. GOpr44 for a GOpr with an
interlayer distance of 4.4 Å.
A similar approach was reported already by Takeuchi et al. [265, 266] in 1998
for the use of the so called ”Nanogate” capacitor. Their approach was based on
the utilization of graphitized pitch-derived carbon which was further oxidized
and reduced in order to obtain an expanded graphitic carbon material. The
authors suggested the charging mechanism to be an insertion of ions within the
graphitic layers and thus based on utilization of graphene like domains.
In this work, it will be illustrated that GOpr, beside all similarities, is
superior to the ”Nanogate” material. Starting with a characterization of the
physical and chemical properties of GOpr, the focus of this chapter will be
on the electrochemical investigations. The performance of GOpr for EDLC
systems will be demonstrated in organic electrolytes consisting of TEABF4 / AN
and TEABF4 / PC. In addition, the potential of GOpr for the use in lithium
capacitors will be discussed.
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7.2. Material characterization
7.2.1. Morphology and physical properties
Light microscopy (LM)
Figure 7.2 shows light microscope (LM) images of GO and GOpr44, used as
an example for GOpr. The color of the GO is yellow / beige-colored [115, 117],
whereas the dark gray / black color denotes the GOpr. The change in color
illustrates the transition of the non-conductive GO to the conductive GOpr,
having an increased charge carrier concentration and mobility [114, 267].

a)

b)

10 μm

10 μm

Figure 7.2: LM images illustrating the color change from a) yellowish / beige-colored
for GO to b) black for GOpr44

Scanning electron microscopy (SEM)
The morphology of GOpr44 compared to the precursor graphite was investigated
by scanning electron microscopy (SEM). Figure 7.3 shows the SEM micrographs
of the precursor graphite and GOpr44, derived from GO by reduction at 240◦ C,
which is representative for all synthesized GOpr materials. The micrographs at
low magnification (Figure 7.3a and e) reveal the flake-like shape of the graphite
particles which has not changed for the GOpr. Hence, neither the oxidation
nor the thermal reduction treatment had a visible influence on the shape of
the particles. With increased magnification (Figure 7.3b and f) the smooth
basal planes of the flake-like shape becomes visible. It is obvious that both the
precursor graphite and the GOpr exhibit similar morphology features and are
not distinguishable from the micrographs.
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Graphite
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h)
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Figure 7.3: SEM micrographs of the precursor graphite (left side a-d) and GOpr44
(right side e-h). The micrographs were taken with the in-lens detector
using an acceleration voltage of 5 kV and a working distance of 6.4 mm.
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Focusing on the side of the flakes (Figure 7.3c and g) reveals that the thermal
reduction process did not lead to delamination or exfoliation of the flakes. A
comparison to similar modified carbon materials, like reduced mesocarbon
microbeads [268, 269] as an example for modified graphitized carbons, reveals
that GOpr shows much less textural disorder. At the highest magnification
(Figure 7.3d and h) both graphite and GOpr reveal stacked packages of graphene
sheets at their edge planes. In summary, SEM gives a visual confirmation that
the morphology of the precursor graphite is not changed due to the combined
oxidation and partially reduction process.
Nitrogen adsorption
The specific surface area and the porosity were determined by nitrogen sorption
technique at 77 K. Figure 7.4 shows the gassorption isotherms of the precursor
graphite, GO and GOpr44. The filled symbols denote the nitrogen adsorption
characteristic, whereas the nitrogen desorption is symbolized by open icons. All
three materials exhibit a Type II isotherm [52] indicating a non-porous material.
The shape of the small hysteresis which is visible for GO (Figure 7.4b) can be
attributed to the existence of some narrow slit-shaped pores [52]. However, the
absence of a hysteresis in the isotherm for GOpr (Figure 7.4c) indicates that
these narrow-slit shaped pores did not endure the thermal reduction process.
The specific surface areas (SSA) were calculated according to the BET model
[255] and show almost no differences between the precursor graphite, the GO
and the GOpr powders. The values of SSA are in the range of 12 m2 g−1 to
18 m2 g−1 , with GO having the smallest SSA and graphite the largest. The SSA
for all the GOpr are approximately the same and are between GO and graphite
(Table 7.1). This is also in line with results from literature, showing SSAs of
GO between 10 and 30 m2 g−1 measured by nitrogen sorption at 77 K [270].
On the basis of the isotherms and the calculated SSAs, it can be concluded
that neither GO nor GOpr have pores ≥ 0.6 nm, which is the probing limit of
nitrogen [271]. Hence, the specific surface as well as the porosity of GO and
GOpr established by nitrogen adsorption seem to be unchanged compared to
the precursor graphite.
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Figure 7.4: Nitrogen sorption isotherms for a) graphite (black) b) GO (yellow) and c)
GOpr44 (gray). The nitrogen adsorption is denoted with filled symbols
whereas the desorption is symbolized by open icons.
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X-ray diffraction (XRD)
The stacking order and interlayer distance of the precursor graphite, GO and
GOpr reduced at different temperatures were investigated by XRD. Figure 7.5a
displays the diffractograms of the materials between 10◦ and 50◦ 2θ for the
copper Kα wavelength of 0.1542 nm. All diffractograms were take in transmission mode and their intensity was normalized to the intensity of the (100)
diffraction.
Synthetic graphite (Figure 7.5a black) shows a narrow (002) diffraction peak at
26.55◦ 2θ which calculates to the graphitic interlayer distance of d002 = 3.36 Å
by using the Bragg equation (Equation 6.1). In addition also the in plane
diffraction (100) and the (101) diffraction peaks are visible [272]. The (1001)
feature is split up into three signals, (101)R, (101)H and (102)R, indicating a
rhombohedral (R) graphite phase in addition to the hexagonal (H) graphite
phase [273].
For GO (Figure 7.5a yellow), the diffraction features change. According to
the Bragg equation the (001) diffraction of GO at 15.45◦ 2θ equals an interlayer
spacing of 5.74 Å, which is in line with GO described in literature [274–277].
Only the (100) diffraction peak is visible but with a broadening at larger angles.
The broadening of the (100) diffraction and the absence of (h0l) reflections
indicate a turbostratic layer structure [278, 279], while the graphene-like layers
have a random orientation about the layer normal [280].
The GOpr (Figure 7.5a gray) diffractograms show a relatively strong and
narrow (001) reflection feature which indicates the existence of equidistant
parallel layers. With increasing reduction temperature, the broadening of the
(001) diffraction decreases while the diffraction angle is increasing, indicating
an increasing stacking order with increased reduction temperature. Like GO
also GOprs display a turbostratic behavior with a broadened (100) reflection
peak and the absence of (h0l) reflections.
A closer look on the (001) diffraction peaks of the GOpr (Figure 7.5b) reveals
that the reflections are all between 19.87◦ and 26.62◦ 2θ but no reflections could
be found between 15.45◦ 2θ (GO) and 19.87◦ 2θ (first GOpr). The first GOpr,
which was reduced at 215 ◦ C, even shows a small diffraction signal at 15.88◦ 2θ
(similar to GO) indicating a intermediate state where one phase of the material
is still completely oxidized whereas the other phase is already reduced, which

83

Chapter 7. Partially reduced graphite oxide (GOpr)

Intensity / arb. unit

a)

GOpr
Graphite

GO

10

15

20

25

30
2θ / °

35

40

45

50

b)
Reduction

GOpr

Intensity / arb. unit

transition

10

15

20
2θ / °

25

30

Figure 7.5: XRD diffractograms taken with the copper Kα wavelength of 0.1542 nm
and normalized to the intensity of the (100) diffraction peak. a) Diffractograms of graphite (black), GO (yellow) and several GOpr (gray) in
the angle range of 10◦ to 50◦ 2θ. b) Detail of the d001 diffraction of
GOpr, illustrating both the reduction jump from 5.6 to 4.5 Å as well as
an increase of intensity and signal sharpness for GOpr reduced at higher
temperatures. Adapted from [263].
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was also observed by Jeong et al. [136]. Therefore, it seems that the maximum
achievable interlayer distance of GOpr is approximately 4.5 Å. All computed
interlayer distances of the GOprs could be found in Table 7.1.
In addition to the interlayer distance calculated from the diffraction angle,
also the width of the diffraction peak could be evaluated. According to Equation 7.1 the full width at half maximum (FWHM) of the (001) diffraction could
be used to estimate the domain length in Lc direction:

Lc =

0.9 · λ
∆θ001,F W HM · cos θ001

(7.1)

where ∆θ001,FWHM and θ001 are the FWHM and the Bragg angle of the
diffraction peak and λ the wavelength of the X-ray source, using a Scherrer
form factor of 0.9 [239, 243, 244]. The calculated Lc values are summarized in
(Table 7.1).
Raman spectroscopy
The crystallinity and electronic structure of the precursor graphite, GO and
GOpr was probed by Raman spectroscopy. All measurements were done with an
excitation wavelength of 514 nm. Figure 7.6 displays the Raman spectrum of the
graphite inhabiting 5 features with a Raman shift of 1351, 1580, 2691, 2729 and
3076 cm−1 . The G-band feature at 1580 cm−1 is attributed to the Raman active
(2)
mode of E2g (1582 cm−1 ) [247, 248]. The small D-band at 1351 cm−1 is an
A1g -type vibrational mode [248, 249], which appears for finite-sized crystallites
(La < 1000 Å) and is a sign of disorder within the crystal. The two bands at
2691 and 2729 cm−1 are the overtones of the D-band which consists of two
components 2D1 and 2D2 [281, 282]. The last feature at 3076 cm−1 might be
attributed to the overtone 2G of the G-band, even though it is shifted to smaller
wavenumbers [247, 281].
For GO it was not possible to obtain a meaningful Raman spectra. Even
though plenty of examples are published in literature [277, 283–286] the intensity
of the measured GO spectra (Figure 7.7) were always fluorescence saturated.
By continuously measuring the range of 1200 to 1800 cm−1 for 10 min and
thus increasing the laser exposure time of the GO sample it was possible to
produce the texture of a superimposed D- and G-band on the fluorescence signal,
comparable to Liu et al. [153]. However, at the same time a color change of
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Figure 7.6: Raman spectrum of graphite, taken with an excitation wavelength of
514 nm for Raman shift between 1000 and 3500 cm−1 . The Raman
features were evaluated by Lorentzian peak fitting.

the GO sample (compare inset of Figure 7.7) indicated already a laser induced
reduction of the sample. The visualization of the difference between the two
LM pictures (color map in inset of Figure 7.7) reveals a change in darkness
of up to 25% in the gray scale of the investigated particle. According to this
measurement, it is questionable if GO is accessible via Raman spectroscopy
without modifying the sample due to the measurement. Therefore, the literature
must be critally evaluated, as it stands to reason that most of the reported Raman measurments of GO were actually charcterizations of partially reduced GO.
Figure 7.8 displays the Raman spectrum of GOpr44 showing slightly changed
graphitic Raman features. The observed change is approximately the same
for all the investigated GOpr. Hence, the grade of reduction does not seem to
influence the Raman spectrum. Similar observations were reported in literature
[285, 287, 288], showing almost identical Raman spectra for GO with varying
oxygen content as well as for differently reduced GOs. Only the spectrum of
GOpr44 is discussed, as it is representative for all GOprs. The D-band intensity
is significantly increased and both D- and G-band as well as the overtones are
broadened due to increased disorder [282]. This is in line with Raman spectra
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Figure 7.7: 10 subsequent Raman spectra of GO, taken within 10 min with an
excitation wavelength of 514 nm for wavenumbers between 1200 and
1800 cm−1 . The LM pictures show the investigated GO particle before
and after exposure to the laser for 10 min. The color map visualize the
change in the particle color.

from reduced graphite oxide in literature [136, 285, 288]. Using Lorentzian
fits for the peak deconvolution it was possible to identify in total 5 Raman
bands at 1360, 1587, 2696, 2920 and 3121 cm−1 . Both the D-band at 1360
and the G-band at 1587 are slightly shifted to higher wavenumbers compared
to graphite. The D- / G-band fit in Figure 7.8 is not perfect, which indicates
that the measured D-band is possibly a superposition of two separate D-bands
[289]. The overtones consist of the 2D, a combination of D- and G-band (D+G),
and possibly a 2G-band. The reduced 2D-band intensity compared to graphite
is due to disorder [282]. However, it is still measurable which indicates some
graphitic crystallinity within the GOpr and as the 2D band is usually assumed
to be sensitive to the π band of the electronic structure of graphite [285, 290].
The D- / G-band positions and the ratio of the D-band intensity to the
G-band intensity for the GOprs and the precursor graphite are summarized in
Table 7.1. The D/G intensity ratio can be used to calculate the crystallite size La
(Equation 6.4). By using a modified Knight’s equation [250, 291] La computes to:
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Figure 7.8: Raman spectrum of GOpr44, taken with an excitation wavelength of
514 nm for Raman shift between 1000 and 3500 cm−1 . The Raman
features were evaluated by Lorentzian peak fitting.

La = (2.4 · 10−10 ) · λ4 · (
where λ is the excitation wavelength and
intensity to the G-band intensity.

ID −1
)
IG

ID
IG

(7.2)

is the ratio of the D-band

Physical properties of GOpr
Table 7.1 combines the information of the reduction temperature, SSA, XRD
and Raman results of the precursor graphite, GO and GOpr. The major difference between the GOprs is their interlayer distance, hence for further evaluation,
it is standing to reason to plot the measured physical properties as a function of
the interlayer distance. Figure 7.9a shows the interlayer distance as a function
of the reduction temperature. It can be seen that GOpr with interlayer distance
between 4.5 and 4.2 Å can be achieved with reduction temperature below 300 ◦ C.
For smaller interlayer distances an almost exponential increase in temperature
is necessary. In order to reach a graphite like interlayer spacing of 3.4 Å the
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Table 7.1: Physical properties of GO, GOpr and the precursor graphite SFG6, derived
from BET, XRD and Raman measurements. Adapted from [263].

GOpr
GO

T
[◦ C]

d001
[Å]

Lc
[nm]

Γ(D)
[cm−1 ]

Γ(G)
[cm−1 ]

La
[nm]

SSA
[m2 g −1 ]

-

5.74
4.47
5.58

37.3
8.9
8.0

-

-

-

12

1360

1587

10.7

-

12.4
13.6
17.1
25.5
33.8
13.9
33.1
25.4

1360
1363
1364
1364

1587
1589
1591
1591

9.9
10.6
10.0
11.0

10
14
14
13

1366

1594

9.9

14

1368
1366

1585
1592

8.0
10.6

13
15

42.2

1351

1580

51.4

18

GOpr45/56

215

GOpr44
GOpr43
GOpr42
GOpr41

240
270
310
370

GOpr38

470

GOpr36
GOpr34

580
1050

4.43
4.33
4.23
4.05
3.77
3.83
3.63
3.35

-

3.36

SFG6

reduction temperature needs to be increased to 1050 ◦ C.
The SSA as a function of the interlayer distance is plotted in Figure 7.9b.
As already indicated by the isotherms (Figure 7.4) the SSA of the precursor
graphite, GO and GOpr are approximately the same. The SSA of GOpr ranges
between 13 and 15 m2 g −1 independent of the interlayer distance.
The positions of the D-band (open symbols) and the G-band (filled symbols)
for graphite and GOpr as a function of the interlayer distance are displayed
in Figure 7.10a. It is obvious that the positions of D- and G-band are shifted
to higher wavenumbers compared to graphite. The G-band shift from 1580 to
approximately 1590 cm−1 might be explained with the change of crystallinity
from graphite to GOpr, which is expected to have a more nanocrystalline nature
[249]. The slight blue shift observed for an decrease in interlayer distance might
be explained with an increase in charge carrier concentration [282].
The change in D-band position is more difficult to explain. As mentioned before
it might be possible that the observed D-band is a superposition of two bands
and hence the component with the smaller wavenumber might be distinguished
resulting in the observed blue shift [249, 292, 293].

89

Chapter 7. Partially reduced graphite oxide (GOpr)

b)

4.7
4.6
4.5
4.4
4.3
4.2
4.1
4.0
3.9
3.8
3.7
3.6
3.5
3.4
3.3

18

BET / m2g-1

Layer spacing / Å

a)

16

14

12

10

100

1000

3.0

3.5

4.0

Reduction temperature / °C

4.5

5.0

5.5

6.0

d001 / Å

Crystallite size / nm

50
40
30
20
10
0
3.0

3.5

4.0

4.5

d001 / Å

5.0

5.5

6.0

b)

1375

1600

1370

1595

1365

1590

1360

1585

1355

1580

1350

1575

1345
3.2

3.4

3.6

3.8

4.0

4.2

4.4

G-band position / cm-1

a)

D-band position / cm-1

Figure 7.9: a) Graph of the calculated interlayer distances as a function of the used
reduction temperature. Adapted from [263]. b) Evaluated BET surface
areas as a function of the interlayer distance, including graphite (n), GO
(s) and GOpr (u).
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Figure 7.10: a) Position of the D-band (open symbols) and G-band (filled symbols)
for graphite (n) and GOpr (u) as a function of the interlayer distance. b)
Crystallinity size in La (open symbols) and Lc (filled symbols) direction
for graphite (n), GO (s) and GOpr (u) as a function of the interlayer
distance.
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The crystallinity information of GOpr based on Raman and XRD spectroscopy
are summarized in Figure 7.10b. The La values (open symbols) of GOpr are
approximately 10 nm independent of the interlayer distance, which is by factor
five smaller than the one of graphite. However, due to the nanocrystalline
nature of GOpr it might be possible that the La values are underestimated by
using Equation 7.2 [249]. The Lc values (filled symbols) increase with decreasing
interlayer distance which indicates an increased stacking order for GOpr reduced
at higher temperatures. For GOpr38/36 the Lc value almost reaches the one of
graphite but somehow decreases again for GOpr34.
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Figure 7.11: EDX spectra of graphite (black), GO (yellow) and GOpr44 (gray)
showing the signals of carbon and oxygen. The inlet is a magnification
of the Bremsstrahlung indicating a clean specimen with only minor
chlorine impurities. Adapted from [263].

7.2.2. Chemical composition
Energy-dispersive X-ray spectroscopy (EDX)
The basic chemical composition of the precursor graphite, GO and GOpr were
determined by EDX Figure 7.11. The two obvious features are the characteristic
X-ray emissions for carbon (C-Kα at 0.277 keV) and oxygen (O-Kα at 0.523 keV)
[294]. It is obvious that both GO and GOpr exhibit a higher oxygen content
than the used graphite.
A closer look on the Bremsstrahlung (inlet of Figure 7.11) reveals the purity of
the synthesized GO and GOpr. Beside a small feature of chlorine (Cl-Kα at
2.622 keV) [294] close to the detection limit, no further impurities were found.
The nature of this chlorine impurity might be the sodium chlorate which was
used as an oxidizing agent for the GO preparation.
The EDX spectra demonstrate that the combination of a modified Broddie
method for the GO and the reduction by a thermal treatment has significant
advantages if aiming for a pure material consisting only of carbon, oxygen and
hydrogen. The measured concentrations of carbon / oxygen and calculated
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Table 7.2: Elemental composition and carbon to oxygen ratio measured by EDX for
GO, GOpr and the precursor graphite SFG6. Adapted from [263].

GOpr

C
[at.%]

O
[at.%]

(C/O)

GO
GOpr45/56

73.3
85.2

26.72
14.8

2.7
5.8

GOpr44
GOpr43
GOpr42
GOpr41
GOpr38
GOpr36
GOpr34

86.4
86.7
87.6
87.3
87.7
90.9
93.9

13.6
13.3
12.4
12.7
12.4
9.1
6.1

6.4
6.5
7.0
6.9
7.1
10.0
15.3

SFG6

98.3

1.7

57.1

C/O ratios for the materials are summarized in Table 7.2.
Fourier transform infrared spectroscopy (FTIR)
FTIR was used to correlate the detected oxygen with functional groups within
the GO and GOpr. Figure 7.12 summarizes the FTIR spectra of the precursor
graphite, GO and GOpr44. According to the FTIR spectrum of GO the main
six adsorption bands were identified to be centered at 820, 950, 1050, 1250, 1350
and 1730 cm−1 . The strong bands at 820, 950 and 1250 cm−1 were correlated
with epoxy and epoxide groups [251, 270, 295]. C-O valence vibrations were
found at 1050 cm−1 and O-H deformations at 1350 cm−1 , both indicating
in plane hydroxyl groups [251, 270, 296]. The existence of small amounts of
carboxyl groups in GO were identified by the weak band at 1730 cm−1 related to
C=O stretching vibrations of COOH [251, 286]. However, there are only small
amounts of carboxyl expected within GO and the detected C=O stretching
vibration might be related to carbonyl groups [274].
In contrast to GO, the thermally reduced GO exhibits only weak features
in FTIR characterizations [286]. Therefore, it is no surprise that for the
investigated GOpr44 all these bands are diminished beside the epoxide bands
at 820 and 950 cm−1 . For graphite, all bands are missing, beside a new band at
1550 cm−1 which also appears for GOpr44. This new band can be assigned to
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Figure 7.12: FTIR spectra of GO (yellow), GOpr44 (gray) and graphite (black) in
the range of 500 to 4000 cm−1 . The relevant adsorption features are
marked with vertical lines. Adapted from [263].

C=C vibrations of the aromatic ring [251, 286], and hence indicates graphene
like areas within the GOpr44.
Elemental analysis
The EDX and FTIR characterization of GOpr revealed a clean material consisting only of carbon and oxygen which seem to be related to oxygen based
functionalities. As it is not possible to determine the hydrogen content with
EDX an additional combustion based elemental analysis was performed for
GO and GOpr. The composition results in terms of weight percent of carbon,
oxygen and hydrogen are summarized in Table 7.3. The resulting carbon to
oxygen ratios are in line with the EDX results (Table 7.2).
To determine the chemical composition of GO is difficult, as the material is
hygroscopic. Even after drying GO at 60 ◦ C under vacuum, the material keeps
adsorbed water to some extend between the layers [116, 297]. Hence, the hydrogen content measured for GO might be in part related to adsorbed water
in-between the graphene layers [298, 299].
Reduced GO, on the other hand, is believed to be no longer hygroscopic and
it should not contain water between its layers. However, due to rich oxygen
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functionalities in the weakly reduced GOpr at temperatures below 250 ◦ C it
might be still possible that some water of crystallization remains between the
layers.
Assigning the amounts of oxygen and hydrogen to functional groups is not
straight forward. According to the structural model of GO by Lerf et al.
[123, 124, 300] the in-plane functionalizations are based on hydroxide and
epoxide groups, which would be in line with the findings from the FTIR characterization of GO. Any additional functional oxygen groups like carboxyl are not
found on the basal planes, but might be found at the edge planes and at defects
[295]. The proposed structure for thermally treated GO [120] is based on the
proposed GO structure, but with the difference of having only hydroxide groups
and vacancies. Using this model would lead to a discrepancy with the results
of the elemental analysis, as the found oxygen content is more than four times
larger than the hydrogen one. However, computational studies of heat treated
GO found epoxide to be more stable than hydroxide and the proposed structure
is based on epoxide, some hydroxide and vacancies, even up to holes [276, 301].
These findings were also confirmed by chemical analysis of heat treated GO
[136] revealing always a higher oxygen than hydrogen content. It was found that
due to thermal treatment of GO, first water, hydroxyl and carboxyl are removed
at low temperatures before epoxide gets decomposed at higher temperatures
[302].
Therefore, it is reasonable to attribute all the measured oxygen and hydrogen
to hydroxide and epoxide, respectively. However, for the GO some of the found
hydrogen (∼ 30%) is contributed to in-plane adsorbed water [116, 298, 299].
As a result, it is possible to use the same nomenclature for GOpr and GO,
Cx Oy (OH)z , which was suggested by Boehm et al. [122]. Within this nomenclature, oxygen and hydrogen is attributed to in-plane epoxide and hydroxide
groups, whereas other possible oxygen groups are neglected. The resulting
GOpr compositions (Table 7.3) are comparable with GO and reduced GO from
literature [120, 275, 303, 304]. However, it has to be noted that using this
nomenclature leads to an overestimation of the amount of both epoxide and
hydroxide groups.
Combining these information with the physical quantities of GOpr (Table 7.1)
reveals a clear correlation between the chemical composition and the interlayer
distance. Figure 7.13a displays the carbon to oxygen ratio (C/O) from the
elemental analysis as a function of the interlayer spacing. Starting from a
relative small C/O ratio of 2.28 for GO, it increases to approximately 5.5 for
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Table 7.3: Summary of elemental analysis data, carbon to oxygen ratio and proposed
composition of GO, GOpr and the precursor graphite SFG6 (the elemental
analysis data for SFG6 was taken from the supplier’s data sheet [199]).
Adapted from [263].

C
[wt.%]

O
[wt.%]

H
[wt.%]

(C/O)

Cx Oy (OH)z

GO
GOpr45/56

62.6
-

36.6
-

0.86
-

2.3
-

C8 O2.36 (OH)0.94 (H2 O)02.
-

GOpr44
GOpr43
GOpr42
GOpr41
GOpr38
GOpr36
GOpr34

80.4
81.7
80.7
81.8
82.0
87.7
92.3

19.5
18.3
18.9
18.8
17.6
12.3
7.4

0.28
0.06
0.18
0.18
0.13
0.03
0.01

5.5
5.9
5.7
5.8
6.2
9.5
16.6

C8 O1.13 (OH)0.33
C8 O1.28 (OH)0.07
C8 O1.20 (OH)0.21
C8 O1.17 (OH)0.21
C8 O1.14 (OH)0.15
C8 O0.81 (OH)0.03
C8 O0.47 (OH)0.01

99.40

0.50

0.05

265.07

C8
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a)
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Figure 7.13: a) carbon to oxygen ratio for graphite (n), GO (s) and GOpr (u) as a
function of interlayer distance. b) Amount of hydroxide (open symbols)
and epoxide (filled symbols) groups as a function of the layer spacing
for GO (s) and GOpr (u). Adapted from [263].
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GOpr44. For GOpr smaller than GOpr44, the value remains almost constant up
to an interlayer distance of 4.05 Å and then starts to further increases for GOpr
with smaller interlayer spacing. This indicates that the decrease of interlayer
distance between GOpr44 and GOpr41 is not related to a loss of oxygen groups
but might be related to a rearrangement of such groups.
Figure 7.13b shows the amount of epoxide and hydroxide groups of GO and
GOpr as a function of the interlayer distance. The initial GO (d001 = 5.75 Å)
has a composition of C8 O2.20 (OH)1.31 which corresponds to a degree of oxidation
of 71%. The degree of oxidation is a quantity for the amount of sp3 -hybridized
carbons functionalized by oxygen groups. Each epoxide group is related to two
sp3 hybridized carbon atoms and hydroxide to one. However, for GO there
might be still a certain amount of water in-between the planes and the assigned
amount of hydroxyl groups might be overestimated; hence the amount of epoxide
may be underestimated. The first reduced species GOpr44 (d001 = 4.43 Å)
has a composition of C8 O1.13 (OH)0.33 and a degree of oxidation of 32%. The
transition from GO to GOpr44 causing a reduction in degree of oxidation from
71% down to 32% marks the transition from a non conductive to a conductive
material [138, 276]. Finally, the most reduced species GOpr34 (d001 = 3.35 Å)
has a composition of C8 O0.47 (OH)0.01 and a degree of oxidation of 12%. Even
GOpr34 reduced at 1050 ◦ C has epoxide groups to a certain extend whereas
hydroxide could only be associated with GOpr ≥ 3.77 Å

Calculation of the carbon burn-off
The thermal treatment of GO leading to GOpr could be described with a thermal
induced disproportionation reaction. In this special type of redox reaction, a
species is oxidized as well as reduced at the same time. Thermo-gravimetric
measurements in combination with mass spectroscopy of the products revealed
that the main decomposition products of GO are H2 O and CO2 [109, 197]. In
addition it is also possible that CO is detected during the disproportionation of
GO [138], however the amounts are usually negligible. Hence the carbon of GO
gets disproportionated to CO2 via oxidation and to GOpr via reduction. Taking
into account the information of the elemental analysis, the disproportionation
reaction of GO may be written like:
∆T

η · C8 O2.20 (OH)1.31 −→ α · C8 Ox (OH)y + β · H2 O + γ · CO2

(7.3)
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where x and y are the amounts of epoxide and hydroxide, respectively,
contributed to the GOpr, and η, α, β and γ are linear factors to keep the
balance of reagent and products. The factor α can be used to calculate the
carbon burn-off due to the disproportionation of GO. Solving the linear equation
systems results in the linear factor α and thus the carbon burn-off τ can be
defined as:
τ =1−α

(7.4)

The carbon burn off for the investigated GOpr range from 10.6% for GOpr44
(reduced at 240 ◦ C) to 15.3% for GOpr34 (reduced at 1050 ◦ C). In case of an
additional CO release during disproportionation of GO, these values would be
slightly higher.
Estimation of the density of GOpr
Combining the information of SEM, nitrogen gas sorption analysis, XRD and
elemental analysis it is possible to estimate the density of GOpr. This estimation
is based on the assumption that the morphology of the GO / GOpr flakes
is approximately the same like the precursor graphite beside the change in
interlayer distance. As neither SEM micrographs nor the SSA values indicate
any change in the morphology, this assumption seem to be reasonable. Therefore
the volume of graphite, GO and GOpr could be written as:

V graphite = A0 · d002,graphite

V GO = A0 · d001,GO

V GOpr = A0 · d001,GOpr

where A0 is the area of the unchanged basal plane of the flakes and d00l the
interlayer distance. The density could now be estimated by using the following
mass and volume ratios of graphite to GO and GO to GOpr:
mGO
M GO
=
mgraphite
M graphite
A0 · d001,GO
V GO
=
V graphite
A0 · d002,graphite

mGOpr
(1 − τ ) · M GOpr
=
mGO
M GO
V GOpr
A0 · d001,GOpr
=
V GO
A0 · d001,GO

For the mass ratio of GOpr to GO the carbon burn off was taken into account.
Using these relations the density of GO and GOpr can be calculated by:
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ρGO = ρgraphite · M GO ·d002,graphite
M graphite ·d001,GO
ρGOpr = ρgraphite · (1 − τ ) · M GOpr ·d002,graphite
M graphite ·d001,GOpr

(7.5)
(7.6)

The density of the used synthetic graphite is 2.26 gcm−3 (Table 4.1), the
molar masses of graphite, GO and GOpr can be calculated from the chemical
formulas summarized in Table 7.3. Hence, the density of GO calculates to
2.11 gcm−3 and the densities of GOpr range from 1.91 gcm−3 for GOpr44
(reduced at 240 ◦ C) to 2.07 gcm−3 for GOpr34 (reduced at 1050 ◦ C).
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7.2.3. Structure model of GOpr
A simplified structural model for GOpr can be proposed by combination of all
gathered information. It is obvious that the unique properties of GOpr are
related to the applied thermal reduction treatment. In contrast to common
belief [112, 126, 127, 136, 191] it allows for a very controlled reduction of the
GO, preserving the morphology and crystallinity of the precursor (Figure 7.3c-f).
This was achieved by applying a small heating rate of 0.1 - 0.3 Kmin−1 which
is by one magnitude smaller than the 5 Kmin−1 which would lead to a reduced
crystallinity of thermally treated GO [136, 191] and several magnitudes smaller
than the approximately 2000 Kmin−1 which would lead to an exfoliation of
thermally treated GO [126, 127]. This is in line with observations from thermogravimetric analyses of GO under nitrogen atmosphere, with different heating
rates [109, 119]. For a heating rate of 1 Kmin−1 one can observe a mass loss of
approximately 40% at around 200 ◦ C followed by a furhter gradual loss in mass
for increasing temperatures. In contrast, an increased heating rate of 5 Kmin−1
leads to a mass loss of up to 90% at around 200◦ C without further changes
if increasing the temperature. These results are a strong indication that the
heating rate is the main factor influencing the intensity of the disproportionation
reaction at 200◦ C and either preserves or destroys the morphology of GO.
Another advantage of the thermal reduction is its’ effect on the recovery of
the electric conductivity [137]. A combined cyclic voltammetry / electrochemical impedance spectroscopy study using the ferro / ferricyanide redox couple
to probe the heterogeneous charge transfer (HET) revealed a faster HET for
thermally reduced graphene oxide than for several chemically reduced ones
[305]. Investigations with Raman and X-ray adsorption spectroscopy confirm
a graphitic electronic conjugation for thermally reduced GO and a better conductivity than for chemically reduced GO [131, 285]. A possible explanation
for the improved conductivity of thermally reduced GO, like GOpr, might be
found within the thermally induced agglomeration of oxygen functionalities
within the GOpr planes. Molecular dynamics simulations have shown an increased mobility of hydroxyl and epoxide groups on the graphene plane upon
heating [301] leading to a clustering of the functional groups into energetically
favored aggregates [306]. The side effect of this agglomeration is the formation
of two-dimensional nanocrystalline graphene improving the in-plane electrical
conductivity [307].
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graphene

holes / vacancies

functional groups
Figure 7.14: Simplified model of a GOpr41 sheet showing clusters of functional
groups (epoxide and hydroxide), holes / vacancies and intact graphene
islands. The model is based on a 3.5 x 3.0 nm sheet of the graphene
structure with a chemical composition of C8 O1.38 (OH)0.21 and 10.7%
carbon burn off compared to the native graphene structure. The used
atom colors are: carbon in gray, oxygen in red and hydrogen in white.

Combining this with the estimated carbon burn off of 10.6 to 15.3% leads to
a in-plane structural model of GOpr with three distinct features, graphene like
islands, clusters of functional groups and holes (Figure 7.14). In this structure,
the carbon atoms are locted in a more or less planar layer, whereas the epoxide
and hydroxide groups stick out of this plane [126]. A similiar configuration
was shown for reduced graphene oxide by TEM investigations [308, 309]. It
was found that the structure features of reduced graphene oxide consist of a
sp3 -hybridized carbon network, related to epoxide and hydroxide functionalities,
with alternating graphene islands and holes. Measurements of the conductivity
of reduced graphene oxide at low temperature below 15 K [310] revealed a
coulomb blockade and hopping conduction between individual graphene islands
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which were acting like graphene quantom dots. The measurements showed that
the graphene islands had a diamter of approximately 5 to 8 nm which is similar
to the calculated La values of approxiamltey 10 nm for GOpr (Table 7.1). Hence,
GOpr could be described as 3-dimensional stacking of reduced graphene oxide.
Even though most of the stacking order is lost in the first reduction step
from GO (C8 O2.20 (OH)1.31 / d001 = 5.74 Å) to GOpr44 (C8 OO1.13 (OH)0.33 /
d001 = 4.43 Å), the stacking order is restored with increasing degree of reduction
visualized by the increase of crystallinity in Lc direction Figure 7.10b. Combining XRD and elemental analysis information reveals a connection between
interlayer separation and functional groups (Figure 7.13b). The first reduction
in d001 from 5.74 Å down to 4.43 Å can be explained by the removal of mainly
hydroxyl groups and the remaining in-plane water. The next decrease from
4.43 Å to 4.05 Å seems to be connected to a general decrease of the remaining
functional groups, whereas the final decrease from 4.05 Å to 3.35 Å seems to be
mainly caused by the almost complete removal of hydroxyl groups. Therefore,
the measured dependencies on the interlayer separation of GOpr are also dependent on the in-plane chemical composition of GOpr.
In total, the structure change from GO to GOpr can be modeled like shown
in Figure 7.15 and thus, attribute the following properties to GOpr:
• GOpr reveals the same morphology like the precursor graphite with a
similar SSA;
• GOpr has an estimated density between 1.91 and 2.07 gcm−3 ;
• GOpr consists of equidistant parallel layers of reduced graphene oxide
resulting in a distinct interlayer distance d001 between 3.35 and 4.47 Å;
• GOpr shows in-plane functionalization with epoxide and hydroxide groups
and has a C/O ratio between 5.5 and 16.5;
• GOpr exhibits an in-plane structure of sp3 and sp2 -hybridized carbon
domains alternated by holes;
• GOpr exhibits a conductivity close to graphite.
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GO
C8O2.36(OH)0.94 (H2O)0.2
doo1 = 5.74 Å

GOpr44
C8O1.13(OH)0.33
doo1 = 4.43 Å

reduced at 240° C

GOpr34
C8O0.47(OH)0.01
doo1 = 3.35 Å

reduced at 1050° C
Figure 7.15: Simplified model of the 3-dimensional layered structure of GO, GOpr44
and GOpr34. The elements are colored like: carbon in gray, oxygen in
red and hydrogen in white.
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7.3. GOpr as EDLC electrode material utilizing aprotic
electrolytes
7.3.1. Comparison between graphite, GO and GOpr
Cyclic voltammetry was chosen to characterize the electrochemical performance
of GOpr. In a first experiment, the electrochemical response of GOpr was
compared to activated carbon (YP17), graphite (SFG6) and GO (derived from
SFG6). Figure 7.16 summarizes the first (dashed line) and second (solid line)
cycle of both the positive and the negative polarization of theses materials. For
the positive polarization, the vertex potential of the first CV sweep was chosen
to be 1.8 V vs. carbon and the second 1.5 V vs. carbon. The vertex potential
of the negative polarization was set for both cycles to -2.0 V vs. carbon beside
the first cycle of graphite which had a vertex potential of -2.5 V vs. carbon. All
CVs were recorded with a sweep rate of 1 mVs−1 using 1M TEABF4 / AN.
By comparing the different materials, it is obvious that they exhibit a diverse
electrochemical response within the investigated potential window. Starting
with activated carbon, the CVs display the expected behavior of double layer
charging and discharging [38, 76], expressed by the rectangular shape of the
CVs (compare Figure 6.7). Its specific capacitance can be calculated from
the discharge sweep according to Equation 6.14, resulting in approximately
120 Fg−1 . This value is in line with literature values of activated carbon utilized
with organic electrolytes [37]. For positive potentials above 1.4 V vs. carbon, a
Faradaic reaction can be observed, which is especially pronounced for the first
sweep with a vertex potential of 1.8 V vs. carbon. This irreversible oxidation is
attributed to degradation of the solvent [311, 312]. A similar observation can
be made for the negative polarization with a beginning irreversible reduction
reaction close to the vertex potential of -2.0 V vs. carbon. The latter can be
traced to a reductive decomposition of the used PTFE binder [311, 313].
Graphite is the second material to be characterized. It shows a typical anodic and cathodic CV response for intercalation / de-intercalation of quaterny
ions [314–316]. For the intercalation of BF−
4 , the required anodic potential is
approximately 1.7 V vs. carbon and for the negative intercalation of TEA+ it is
approximately -2.1 V vs. carbon, which is in line with the literature [244, 259].
In order to exclude effects from the PTFE binder, the characterization of
graphite was performed with a binder-free powder sample. In contrast to the
first CV cycles with an extended potential window, the second cycles had vertex
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Figure 7.16: CVs showing the first (dashed line) and second (solid line) positive
and negative polarization cycle for activated carbon (YP17), graphite
(SFG6), GO and GOpr43. The CVs were taken with 1 mVs−1 in 1M
TEABF4 / AN. The first positive polarization was up to 1.8 V vs. carbon
and the second up to 1.5 V vs. carbon. The negative polarization was
always to -2.0 V vs. carbon, beside for the first negative polarization of
graphite which was down to -2.5 V vs. carbon.
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potentials of 1.5 V and -2.0 V vs. carbon. Due to the reduced potential window
they do not show evidence of an intercalation process.
As a third material GO, was investigated in this series. Compared to activated
carbon and graphite, GO does neither show a pronounced double layer charging
nor an intercalation / de-intercalation process. The only noticeable feature
of the CV is the irreversible reduction current for the negative polarization
indicating the electrochemical reduction of the oxygen groups within GO [317].
It can be seen that the charge of the second CV cycle is slightly increased
which indicates ion accessibility of electrochemical reduced GO for double layer
formation [132]. The CVs state that the increased interlayer distance of GO
(d001 = 5.74 Å) can not be utilized for an ion insertion process.
The last material of this comparison is GOpr43 (d001 = 4.33 Å). At first
sight, it seems to combine the CV features of the first three materials. Taking a
closer look, one can identify a certain trend for both polarizations. The positive
polarization reveals for potentials smaller 1.2 V vs. carbon a graphite / GO
like behavior, showing only a small double layer current due to the small SSA
of less than 20 m2 g−1 . Reaching approximately 1.2 V vs. carbon, the GOpr43
features two subsequent oxidation reactions before reaching the vertex potential.
These oxidation reactions are very pronounced and even exceed the irreversible
current value of the electrolyte decomposition reaction of activated carbon. For
the reverse sweep, the current response of GOpr43 has changed and is now
comparable to a double-layer-like discharging process. The absence of reduction
peaks support the irreversible nature of the observed oxidation features.
Similar behavior can be observed for the negative polarization. Starting with a
very small current response, the GOpr43 runs through an irreversible reduction
reaction at approximately -0.9 V vs. carbon which changes the current response
comparable to the positive polarization. Again, after passing some kind of activation reaction, the negative polarization is comparable to a double-layer-like
charging / discharging process similar to activated carbon.
The subsequent cycles of GOpr43 keep the modified current response and the
resulting specific capacitance of approximately 200 Fg−1 exceeds the one of
activated carbon by almost a factor of two. Hence, the observed irreversible
reactions for either the positive or negative polarization induced a material
modification allowing reversible ion accessibility. Such an electrochemical activation reaction for carbon materials was first described by Takeuchi et al. for
reduced oxidized pitch derived carbons [265, 266, 318] and later also by Oh et
al. for modified mesoporous carbon microbeads [268, 269].
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This comparison revealed unique features of GOpr. Even though the material
does not seem to be accessible for ions at first contact with electrolyte, it yields
an electrochemical activation within the first polarization. The activated GOpr
features a double layer charging / discharging behavior for the subsequent cycles
with a superior specific capacitance and hence, need to be further investigated.

7.3.2. Electrochemical characterization using TEABF4 / AN
In total, the 8 different GOprs introduced in section 7.2 were characterized using
the standard EDLC electrolyte TEABF4 / AN. The characterization focused on
the first cycle with the electrochemical activation and on the subsequent cycles
of the activated GOpr.
Elecrochemical activation cycle
Figure 7.17 displays the positive and negative activation cycle of GOpr43 taken
with a sweep rate of 1 mVs−1 . The chosen anodic activation vertex potentials
is ϕAAV = 1.8 V vs. carbon and the cathodic activation vertex potential is
ϕCAV = -2.0 V vs. carbon. In addition to the CVs also the second derivative
of the specific current with respect to potential for the activation sweeps is
plotted.
For the positive polarization, the anodic sweep is dominated by the electrochemical activation featuring two distinct oxidation reactions which may be
contributed to two different reactions. The first irreversible oxidation reaction
exhibits a pronounced peak, showing maximum current at a potential of 1.28 V
vs. carbon. With further increase of the potential, a second oxidation peak
appears, which seems to be related to a decomposition-like Faradaic reaction.
The first 400 mV of the back sweep are still dominated by the faradaic reaction,
but after charge reversal the GOpr43 features a double layer discharging-like
current.
The negative polarization shows different features. Its cathodic sweep is dominated by the electrochemical activation reaction featuring one distinct reduction
peak at -0.98 V vs. carbon. After the electrochemical activation the current is
comparable to the double layer charging current of an activated carbon electrode.
This behavior does not change after the relatively fast charge reversal and thus,
the anodic sweep of the negative polarization is dominated by the discharge of
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Figure 7.17: CV of the first positive (red) and negative (blue) cycle of GOpr using
1M TEABF4 / AN with a sweep rate of 1 mVs−1 . The vertex potentials are ϕAAV = 1.8 V vs. carbon and ϕCAV = -2.0 V vs. carbon,
respectively. In addition the second derivative of the specific current
with respect to potential for the first positive (red) and negative (blue)
sweep is plotted above the CV.

a double layer.
In order to compare the activation reaction of the different GOprs, the inflection point of the onset shoulder of the (first) activation current peak was
defined as the activation potential (anodic ϕAA and cathodic ϕCA ). It can
be calculated by the first zero-crossing of the second derivative of the specific
current with respect to potential. In case of GOpr43, the positive activation
potential ϕAA (GOpr43) calculates to 1.23 V vs. carbon and the negative activation potential ϕCA (GOpr43) computes to -0.90 V vs. carbon.
Figure 7.18 compares the positive and negative activation cycle of GOpr with
interlayer distances ranging from 3.35 to 4.47 Å with graphite (d002 = 3.36 Å)
and GO (d001 = 5.74 Å).
Starting with a comparison of graphite and GOpr34 reveals the unique character
of GOpr. Even though both have an interlayer distance of approximately 3.4 Å,
their current response is different. Where graphite exhibits a intercalation /
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de-intercalation for both the positive and negative polarization, GOpr features
an electrochemical activation which transforms the charging and discharging
process of GOpr to double-layer-like behavior.
Compared to graphite with an anodically intercalation starting potential of
1.63 V vs. carbon GOpr34 displays an activation reaction and thus an ion
insertion already at ϕAA (GOpr34) = 1.49 V vs. carbon. Hence, the potential
needed for the first ion insertion is lowered by approximately 140 mV. As for
GOpr43 (Figure 7.17), the first anodical sweep consists of two distinguishable
oxidation reactions.
Having a closer look on the negative polarization of GOpr34 reveals a miscellaneous behavior. The negative activation potential can be determined to be
ϕCA (GOpr34) = -2.27 V vs. carbon. Therefore, the required potential for ion
insertion is decreased by 140 mV compared to graphite and a larger overpotential is needed. In addition to the opposed trend in activation potential also
the cathodically activated form of GOpr34 exhibit a different current response.
On the one hand the positive activated GOpr34 feature for the discharge an
increased specific capacitance over the whole potential range. On the other hand,
the negative activated GOpr34 seems to have a distorted de-intercalation-like
discharge which is completed at -1.0 V vs. carbon.
GOpr36 reveals an almost identical behavior like GOpr34. The only recognizable
differences are a shift of the activation potentials to smaller absolute values and
a more pronounced de-intercalation-like discharge for the negative polarization.
For GOpr38, there is no change in the anodic activation reaction observable
but for the cathodic one. Compared to GOpr34 and GOpr36 ϕCA (GOpr38)
makes a jump to -1.25 V vs. carbon and also features a distinct reduction
peak comparable with GOpr43 (Figure 7.17). In addition, the discharge current
response has changed. It now exhibits a double-layer-like discharging behavior
over the whole potential range, but with a decrease in specific capacitance for
potentials close to 0.0 V vs. carbon.
A further increase in interlayer distance for GOpr41 to GOpr44 does only yield
a decrease of the absolute activation potentials but does not result in a change
in the observed current response. For GOpr45/56 the overall current response is
slightly reduced and for the negative polarization a second reduction peak close
to -2.0 V vs carbon gets visible. This second reduction peak is related to the
not reduced phase of GOpr45/56 and may be attributed to an electrochemical
reduction of GO-like remains. GO itself does not show CV features beside the
already mentioned electrochemical reduction for the negative polarization.

109

Chapter 7. Partially reduced graphite oxide (GOpr)

1.5

1.0

0.5

0.5

0.0

0.0

-0.5

-0.5

1.5

1.5

GOpr34

1.0

1.0

0.5

0.5

0.0

0.0

-0.5

-0.5

1.5
Specific current / Ag-1

1.5

Graphite

1.0

1.5

GOpr36

1.0

1.0

0.5

0.5

0.0

0.0

-0.5

-0.5

1.5

1.5

GOpr38

1.0

1.0

0.5

0.5

0.0

0.0

-0.5

-0.5

1.5

1.5

GOpr41

1.0

1.0

0.5

0.5

0.0

0.0

-0.5

-0.5

1.5

1.5

GOpr42

1.0

1.0

0.5

0.5

0.0

0.0

-0.5

-0.5
-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

Potential / V vs. carbon

110

1.5

2.0

2.5

7.3. GOpr as EDLC electrode material utilizing aprotic electrolytes

1.5

1.0

0.5

0.5

0.0

0.0

-0.5

-0.5

1.5
Specific current / Ag-1

1.5

GOpr43

1.0

1.5

GOpr44

1.0

1.0

0.5

0.5

0.0

0.0

-0.5

-0.5

1.5

1.5

GOpr45/56

1.0

1.0

0.5

0.5

0.0

0.0

-0.5
1.5

-0.5
1.5

GO

1.0

1.0

0.5

0.5

0.0

0.0
-0.5

-0.5
-2.5

-2.0

-1.5

-1.0 -0.5 0.0 0.5 1.0
Potential / V vs. carbon

1.5

2.0

2.5

Figure 7.18: CVs of the first positive (red) and negative (blue) polarization featuring
the electrochemical activation. Summarized on the left, from top to
bottom: graphite, GOpr34, Gopr36, GOpr38, GOpr41 and GOpr42.
On the right: GOpr43, GOpr44, GOpr44-56 and GO. All CVs were
taken with a sweep rate of 1 mVs−1 using 1M TEABF4 / AN. The
positive vertex potential was 1.8 V vs. carbon and the negative -2.0 V
vs. carbon beside for graphite, GOpr34 and GOpr36 with a negative
vertex potential of -2.5 V vs. carbon.
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Figure 7.19: Subsequent CVs of anodically (red) and cathodically (blue) activated
GOpr43 and one CV of the full potential range (violet) taken after
anodic activation. All CVs were taken with a sweep rate of 1 mVs−1
using 1M TEABF4 / AN. Adapted from [263]

Subsequent cycles
After electrochemical activation, all GOpr samples feature an increased specific
capacitance and the charge discharge behavior is indicating a double-layer-like
characteristic comparable to activated carbon. Figure 7.19 shows the CVs of
the anodically (red) and cathodically (blue) activated electrodes of GOpr43
with a sweep rate of 1 mVs−1 using 1M TEABF4 / AN. The CVs of both
electrodes exhibit a near rectangular shape and show a specific capacitance
of approximately 200 Fg−1 . The full potential range cycle (violet) envelopes
both of the electrode CVs and shows a differential capacitance of approximately
220 Fg−1 at the potential of zero charge. This full cycle CV not only shows the
high specific capacitance of electrochemically activated GOpr43, but also the
possibility to change the polarization of the material without losses.
In order to visualize the influence of the interlayer distance Figure 7.20 compares the capacitive behavior of the electrochemically activated GOpr with
that of the precursor graphite and GO employing 1M TEABF4 / AN. For the
negative polarization, the potential window was chosen to be between 0.0 and
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-2.0 V vs. carbon and for the positive polarization between 0.0 to +1.5 V vs.
carbon, comparable to a capacitor with a cell voltage of 3.5 V.
Within the investigated potential window, the graphite shows a specific
capacitance of less than 5 Fg−1 for both polarizations. This seems to be a
reasonable value for the low surface area graphite (Table 7.1) and the absence
of an intercalation reaction.
After the activation, the subsequent CV cycles for GOpr with interlayer spacings
ranging from 3.35 to 4.43 Å are completely different than the one of graphite
or GO. For the positive polarization one can observe an activated carbon like
behavior with a specific capacitance of approximately 200 Fg−1 . This value
is reached by all subsequent CVs of the GOpr independent of the interlayer
distance. In contrast to the positive polarization, the current response of the
negative polarization exhibits a clear influence on the interlayer distance. For
small interlayer distances (d001 ≤ 3.83 Å), an intercalation / ion insertion
starting potential can be identified which decreases with increasing interlayer
distance. Hence, the electrochemical activation yielded a more graphite-like
intercalation / de-intercalation behavior, but with smaller overpotentials.
Beyond an interlayer distance d001 of 4.05 Å, GOpr shows again activatedcarbon-like behavior with a specific capacitance of up to 200 Fg−1 .
In contrast to the activation cycle, GOpr45/56 shows an almost identical
behavior as GOpr44, but with a slightly decreased specific capacitance. For the
GO only the negative polarization exhibits an increased specific capacitance
which is small compared to the GOprs. But still, if reaching small potentials
below -1.5 V vs. carbon, GO features a reduction reaction, indicating a further
electrochemical reduction of the still oxidized parts.
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Figure 7.20: CVs of representative subsequent positive (red) and negative (blue)
polarization cycles featuring an almost pure double layer characteristic. Outlined on the left, from top to bottom: graphite, GOpr34,
Gopr36, GOpr38, GOpr41 and GOpr42. On the right: GOpr43, GOpr44,
GOpr44-56 and GO. All CVs were taken with a sweep rate of 1 mVs−1
using TEABF4 / AN. The positive vertex potential was 1.5 V vs. carbon
and the negative -2.0 V vs. carbon. Adapted from [263].
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Figure 7.21: CV of the first positive (red) and negative (blue) cycle of GOpr using
1M TEABF4 / PC with a sweep rate of 1 mVs−1 . The vertex potentials
are 2.0 V and -2.0 V vs. carbon, respectively. Shifted to the top a plot
of the second derivative of the specific current with respect to potential
for the first positive (red) and negative (blue) sweep.

7.3.3. Electrochemical characterization using TEABF4 / PC
Electrochemical activation cycle
In addition to 1M TEABF4 / AN (referred as AN), GOprs were also characterized in the second common electrolyte 1M TEABF4 / PC (referred as PC).
The electrochemical activation of GOpr43 using PC is shown in Figure 7.21. In
comparison to the activation using AN (Figure 7.17), the activation potentials
for both the anodic as well as the cathodic activation are shifted to higher potentials. The activation potentials are calculated to be ϕAA (GOpr43) = 1.34 V
vs. carbon and ϕCA (GOpr43) = -1.22 V vs. carbon, respectively. Compared to
GOpr43 characterized in AN this is a shift of 110 and 320 mV for the positive
and negative activation reaction, respectively. In addition to the potential
shift, the activation current features appear to be broader and less distinct
compared to the activation with AN. Also, the positive activation in PC only
features a current slope instead of a distinct activation current peak like with AN.
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Figure 7.22 outlines the activation CVs of both positive and negative polarized
GOpr as well as the first cycles of graphite and GO in PC. In total the observed
activation reactions using a PC based electrolyte are comparable with the
activation series recorded for AN (Figure 7.18). However, a few differences
could be identified which seem to be related to the changed solvent.
The most pronounced difference in the activation reaction occured for the
negative polarization. Starting with GOpr34 it is obvious that the vertex
potential of -2.5 V vs. carbon does not seem to be enough for an activation
of the material. Even though a small reduction current can be observed for
potentials below -2.36 V vs. carbon, the back sweep does not exhibit any change
in the current response. Hence, a negative potential larger than -2.36 V seems
to be required for ion insertion into GOpr34 if using a PC based electrolyte.
For GOpr36 with a slightly increased interlayer distance (+0.28 Å compared
to GOpr34) this observation changes. GOpr 36 features a negative activation
reaction with ϕCA = -1.96 V vs. carbon. On first sight, the activation of
GOpr36 looks similar in both AN and PC based electrolytes. But on a closer
look the discharge sweep reveals a more yielding activation for PC. Even though
it only features a de-intercalation-like process, the current response is already
close to double-layer-like discharging with only a minor drop in discharge current
close to 0.0 V vs. carbon. Hence, the negative activation in PC seems to yield
a more pronounced double layer like charging behavior than the one using AN.
For the further increase in interlayer distance the changes in activation features
are comparable to the AN series. However, the negative discharge of the GOPrs
yield higher specific currents if approaching 0.0 V vs. carbon.
An additional difference can be observed for the negative sweep of GOpr45/56.
Instead of showing two distinct reduction peaks like with AN there is only one
reduction peak. Therefore it seem that the GO phase of GOpr45/56 cannot
be reduced within the employed potential window. The negative sweep of GO
confirms this interpretation as the observed reduction current for bulk GO is
less pronounced than the one using AN.
In contrast to the cathodically activation the anodically activation of the
GOprs exhibits a more similar trend like the AN series. However, GOpr34
somehow seems to be an outlier. Even though GOpr34 exhibit a pronounced
oxidation current related to the electrochemical activation, the discharge sweep
features a unique behavior. Similar to the negative discharging sweep of
GOpr36, the behavior is best described with de-intercalation-like process as the
discharge current drops to zero if approaching 0.0 V vs. carbon. Therefore, the
positively activated GOpr34 is the only GOpr showing an charging / discharging
mechanism similar to the intercalation / de-intercalation of graphite.
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Figure 7.22: CVs of the first positive (red) and negative (blue) polarization featuring
the electrochemical activation. Collected on the left, from top to bottom:
graphite, GOpr34, Gopr36, GOpr38, GOpr41 and GOpr42. On the
right: GOpr43, GOpr44, GOpr44-56 and GO. All CVs were taken with
a sweep rate of 1 mVs−1 using 1M TEABF4 / PC. The positive vertex
potential was 2.0 V vs. carbon and the negative -2.0 V vs. carbon beside
for graphite, GOpr34 and GOpr36 with a negative vertex potential of
-2.5 V vs. carbon.
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Figure 7.23: Subsequent CVs of anodically (red) and cathodically (blue) activated
GOpr43 and one CV of the full potential range (violet) taken after
cathodic activation. All CVs were taken with a sweep rate of 1 mVs−1
using 1M TEABF4 / PC. Adapted from [263]

Subsequent cycles
Figure 7.23 displays the capacitive behavior of the subsequent CVs of GOpr43
using 1M TEABF4 / PC. Both the positive (red) as well as the negative (blue)
polarization have a close to rectangular shape. However, the positive polarization exhibits a smaller capacitance and is more distorted than the negative one.
This is in line with the observations for the activation cycles, indicating a more
yielding cathodically activation. Hence, in the case of PC the full cycle CV
(violet) was taken after a cathodic activation. It exemplifies that the material is
capable to change polarization without losses in specific capacitance. Compared
to AN, GOpr employing PC has a slightly smaller differential capacitance of
approximately 190 Fg−1 at the potential of zero charge.
A complete series of subsequent CVs for both positive and negative polarization of graphite, GOpr and GO is outlined in Figure 7.24. The general trend
observed is similar to the AN measurement (compare Figure 7.20). Following
the observations during activation, neither graphite nor the negative polarized
GOpr34 show any pronounced charge / discharge features within the potential
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window. For the positive polarization of GOpr34 as well as for the negative
polarization of GOpr36, the featured specific capacitance is similar to an intercalation / de-intercalation-like process.
For the other GOprs, both polarization feature close to rectangular CVs. This
can be attributed to a reversible ion insertion resulting in a double-layer-like
charging / discharging behavior. Like for GOpr43, the CVs of the negative
polarization yield a larger specific capacitance than the positive one. Therefore,
the cathodically activation seem to be favored if using 1M TEABF4 / PC.
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Figure 7.24: CVs of representative subsequent positive (red) and negative (blue)
polarization cycle featuring double layer characteristic. Summarized
on the left, from top to bottom: graphite, GOpr34, Gopr36, GOpr38,
GOpr41 and GOpr42. On the right: GOpr43, GOpr44, GOpr44-56
and GO. All CVs were taken with a sweep rate of 1 mVs−1 using
TEABF4 / PC. The positive vertex potential was 1.5 V vs. carbon and
the negative -2.0 V vs. carbon. Adapted from [263].
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Figure 7.25: Specific capacitances for the positive (red s) and negative (blue u
polarized GOprs as function of the interlayer distance. The specfic capacitances were calculated form the discharge sweep of CVs with a sweep
rate of 1 mVs−1 using either 1M TEABF4 / AN (a) or 1M TEABF4 / PC
(b). Adapted from [263].

7.3.4. Performance of GOpr as EDLC electrode material
In order to estimate the performance of GOpr as an electrode material for
EDLCs further data evaluation is needed. Beside the qualitative information
obtained from the subsequent CVs of both polarizations (Figure 7.20 for AN
and Figure 7.24 for PC) a more quantitative analysis is required. Two of the
most important parameters to evaluate an electrode material is its specific
capacitance and its rate handling capability [35, 319].
Specific capacitance of GOpr
The specific capacitance of the different GOprs was calculated according to
Equation 6.14 from the discharge sweep of the subsequent CVs. Figure 7.25 outlines the calculated specific capacitances as a function of the interlayer distances
for both the positive (red triangles) and negative (blue diamonds) polarization
using either TEABF4 / AN (a) or PC (b). Independent of the electrolyte, the
calculated specific capacitances for GOpr present a similar trend. For the
positive polarization even the GOpr34 with the smallest interlayer separation
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reaches a specific capacitance of 174 ± 8 Fg−1 in AN and 127 ± 5 Fg−1 in
PC. These values are superior to activated carbon with approximately 110 to
135 Fg−1 in AN [37]. The specific capacitances slightly increase with increasing
interlayer distances and peaks for interlayer distances of approximately 4.33 Å
with 191 ± 9 Fg−1 in AN and 158 ± 7 Fg−1 in PC. Hence positive polarized
GOpr exhibits a superior specific capacitance up to almost 200 Fg−1 and does
not show a dependency on the interlayer distance.
In contrast to the positive polarization, the negative one seem to be strongly
dependent on the interlayer distance. For the smallest interlayer distance of
3.35 Å, the calculated specific capacitance is with 5 to 20 Fg−1 in the range of the
precursor graphite. Even with the slightly increased interlayer distance of 3.63 Å
the yielded specific capacitance is only 111 ± 5 Fg−1 in AN and 48 ± 2 Fg−1
in PC, which is in case of AN comparable to activated carbon. However, a
further increase in interlayer distance results in a boost in specific capacitance.
Similar to the positive polarization the specific capacitance values peak for an
interlayer distance of 4.33 Å with 196 ± 9 Fg−1 in AN and 189 ± 8 Fg−1 in
PC. These values are in the same range like the positive polarization and in
case of PC even better.
The evaluation of the subsequent GOpr CVs revealed that GOpr shows best
specific capacitance values for interlayer distances between 4.1 and 4.4 Å. The
calculated specific capacitance values reach up to 200 Fg−1 . Hence, GOpr
achieves one of the highest specific capacitance values reported to date for
carbon based electrodes employing organic electrolytes.

Rate handling capability of GOpr
The second important parameter to evaluate is the rate handling capability.
Figure 7.26 summarizes the rate handling for a 200 µm thick GOpr43 electrode
in the potential window of ± 0.5 V vs. carbon for the cathodically (a) and
anodically (b) activated material in AN as well as for the cathodically (c) and
anodically (d) activated material in PC. In each graph the sweep rate increases
according to the following sequenece: 1, 2, 4, 6, 8, 10, 25, 50, 75, 100 mVs−1 .
The different sweep rates are distinguished by using color from dark red to violet.
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Figure 7.26: Outlined rate handling capability for a negative (a) and positive (b)
activated GOpr43 using 1M TEABF4 / AN and for negative (c) and
positive (d) activated GOpr43 using TEABF4 / PC. The CVs were taken
in a potential window of ± 0.5 V vs. carbon with increasing sweep rates.
The sweep rates of the CVs follow the sequence: 1, 2, 4, 6, 8, 10, 25, 50,
75, 100 mVs−1 and are colored from dark red to violet.

All 4 graphs exhibit the same basic trend, independent of the activation
polarization and the used electrolyte. With increasing sweep rate the shape
of the CV gets more elliptical and the maximum achieved specific capacitance
decreases. However, a more detailed examination reveals differences which are
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Figure 7.27: Rate handling capability of GOpr43 for the positive and negative polarization of a 100 µm thick PVDF-bound electrode using
1M TEABF4 / AN. The sweep rate increases from 1, 2, 4, 6, 8, 10,
25, 50, 75, 100, 200 to 500 mVs−1 and is colored from dark red to violet.

related to the used solvent.
Comparing the four graphs it is obvious that the use of AN (Figure 7.26 a/b)
yields a faster charge reversal than PC (Figure 7.26 c/d). This is related to
the higher ionic conductivity of AN (compare Table 5.1) as well as the lower
viscosity of the electrolyte [320]. Both result in a non negligible contribution
of the solvent to the series resistance [320, 321]. An indication of the series
resistance value is given by the time which is needed for the current to drop
from its maximum at the vertex potential to zero after the reversal of the
sweep rate. According to Equation 6.10 the time difference could be used to
derive the series resistance of the electrode. However, Equation 6.10 describes
the CV as a linkage of single sweep voltammetry, which is enough for a basic
description, but does not satisfy the dynamic nature of a real CV. Approaching this problem Verbrugge and Liu [322] came up with a more sophisticated
mathematical description. They utilized the current at half maximum potential
to calculate the series resistance, if the specific capacitance of the material is
known. Nevertheless, this approach is only valid for the CV of a symmetric full
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cell and is not applicable for single electrodes cycled around the open circuit
potential.
A more detailed investigation of the rate handling capability of GOpr43
was done by characterization of a 100 µm thick PVDF bound electrode using
1M TEABF4 / AN. Figure 7.27 displays the current response of the positive and
negative electrode with increasing sweep rate, starting with 1 mVs−1 (dark red)
and going up to 500 mVs−1 (violet). The observed trend is comparable to Figure 7.26 a/b, even though the sweep rate is further increased up to 500 mVs−1 .
The latter is feasible due to the reduced electrode thickness [34]. According to
Equation 6.14 the specific capacitance of each cycle could be calculated from
the discharge sweep. The resulting Figure 7.28a/b) consolidates the calculated
specific capacitances as well as the relative specific capacitances as a function of
the sweep rate. Both polarizations yield approximately 170 Fg−1 at the smallest
sweep rate of 1 mVs−1 , resulting in a discharge time of 1500 and 2000 s for the
full discharge of the positive and negative polarized electrode, respectively. With
increasing sweep rate the specific capacitance decreases only slightly, yielding
still 70% of the inital sepcific capacitance at a sweep rate of 100 mVs−1 . In
other words, still 70% of the inital specific capacitance is available even though
the discharge time is decreased to 15 and 20 s for positive and negative electrode,
respectively. Therefore, the thin electrode of GOpr43 exhibits a comparable
specfific capacitance if compared to the high-rate performance of activated
carbons [37] or carbide-derived carbons [57].
Additional to CVs the rate handling capability of the PVDF bound GOPr43
was also investigated by GSC. Figure 7.28c shows the specific capacitance
calculated for constant discharge currents of 0.1, 0.28, 1.0. 5.0 and 10.0 Ag−1 .
Applying this method the resulting specific capacitance values for the positive
polarization are slightly higher with 195 ± 10 Fg−1 than for the negative with
178 ± 9 Fg−1 , if using a constant discharge current of 0.1 Ag−1 . Concluding, also
the characterization with GSC reveals a competitive rate handling capability.
Even when applying a discharge current of 10 Ag−1 the specific capacitance
drops by less than 30% (Figure 7.28d).
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Figure 7.28: Specific capacitances (a,c) and relative specific capacitance (b,d) for
the positive (red s) and negative (blue u polarization of GOpr43 as a
function of the sweep rate (a,b) and as function of the specific current.
The values were calculated from either the discharge current of CVs (a,b)
or the discharge time of the GSC (c,d). All measurements were done
using a 100 µm thick PVDF-bound electrode with 1M TEABF4 / AN.
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Figure 7.29: GSC controlled activation of a material symmetric full cell of GOpr43
using TEABF4 / AN. A specific current of 0.1 Ag−1 was applied to the
positive electrode till the cut-off criteria of 3600 Cg−1 is reached.

7.3.5. Full cell characterization of GOpr
Following the results from the detailed GOpr characterization the full cell behavior of GOpr was characterized using the example of GOpr43 employing 100 µm
PTFE-bound electrodes in TEABF4 / AN. In order to utilize the maximum potential window of GOpr, the positive electrode was slightly oversized compared
to the negative, resulting in a weight ratio of 1.2:1.0 for positive to negative
electrode. This was necessary as in the single electrode characterizations the
anodically activated GOpr43 showed a higher specific capacitance than the
cathodically activated one. Therefore, in order to preserve the charge balance,
while using the maximum potential range, the mass of the positive electrode
was increased by 20%.
Figure 7.29 shows the galvanostatically controlled electrochemical activation.
The current was set to match 0.1 Ag−1 specific current for the positive electrode
and the cut-off criterion was an overall activation charge of 3600 Cg−1 . This
charge value was chosen based on preliminary results on the single electrode
tests of GOpr43. The galvanostatic activation of the GOpr43 full cell shows
three distinct regions. In the first region (A1 / C1 ) the potential of both elec-
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Figure 7.30: CVs of the GOpr43 full cell using 1M TEABF4 / AN. The CVs were
taken with a sweep rate of 1 mVs−1 and the vertex voltage was increased
from 2.75 V to 3.50 V by steps of 250 mV. Adapted from [263]

trodes jump to the activation potential followed by the potential plateau of the
electrochemical activation reaction. This region is followed by an approximately
linear increase in potential (A2 / C2 ), comparable to the charging behavior of a
capacitor. The third region is again marked by a potential plateau which could
be attributed to the reductive decomposition of PTFE (C3 ) on the negative
electrode [313] and to a faradaic reaction (A3 ) on the positive electrode. The
latter might be a superposition of a subsequent activation reaction with the
polymerization of acetonitrile [323, 324]. After reaching the cut-off criterion of
3600 Cg−1 the discharge of the GOpr43 shows no indication of a further reaction and exhibits the characteristic slope of a discharging double layer (A4 / C4 ).
Figure 7.30 illustrates the full cell CVs with increasing cell voltage up to
3.5 V. All four CVs exhibit a close to rectangular shape with a specific full cell
capacitance of up to 45.2 Fg−1 calculated from the specific discharge current
(normalized to the mass of the active material of the two electrodes). The
observed increasing Faradaic current above 3 V indicates to side reactions which
could lead to aging of the cell [311]. Hence, the maximum stable cell voltage is
expected to be smaller than the maximum shown voltage of 3.5 V.
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Figure 7.31: GSC charge and discharge cycles of an electrochemical activated material symmetric full cell of GOpr43 using 1M TEABF4 / AN. A cell
voltage (gray) of 3.4 V was the cut-off criteria for the charge, which was
followed by a voltage hold of 60 s and the discharge. The respective
charging current displayed in Ag−1 is normalized to the mass of the
active material of both electrodes. The potential of positive (red) and
(negative) electrode was measured against a carbon quasi reference
electrode. Adapted from [263]

The rate handling capability of the full cell was characterized by GSC. Figure 7.31 outlines the cell voltage (gray) and the electrode potentials for the
positive (red) and negative (blue) electrodes during charge and discharge for specific currents per mass of active material of 0.05, 0.10 and 0.28 Ag−1 . Evaluating
the electrodes at the specific current of 0.05 Ag−1 , which equals approximately
0.1 Ag−1 per electrode, results in a specific capacitance of 207 Fg−1 (81 mAhg−1 )
for the positive and 191 Fg−1 (102 mAhg−1 ) for the negative electrode. These
results correlate with the specific capacitance values calculated from the single
electrode characterization (compare Figure 7.25a and Figure 7.28c), indicating
a better yield in specific capacitance for the positive polarization than for the
negative.
Figure 7.32 present the rate handling capability of the full cell. Both, the

132

7.3. GOpr as EDLC electrode material utilizing aprotic electrolytes

b)
55
50
45
40
35
30
25
20
15
10
5
0

Relative specific capacitance / %

Specific capacitance / Fg-1

a)

0.1
1
Specific current / Ag-1

10

110
100
90
80
70
60
50
40
30
20
10
0

0.1
1
Specific current / Ag-1

10

Figure 7.32: a) Specific capacitance and b) relative specific capacitance of the material
symmetric GOpr43 full cell using 1M TEABF4 / AN as a function of
the applied specific current. Both are normalized to the overall active
mass of the full cell.

values of the specific capacitance as well as the applied specific currents are
normalized to the overall mass of the active material (GOpr43). For the smallest
applied current of 0.05 Ag−1 the specific capacitance reaches 48.8 ± 1.4 Fg−1
which is close to 200 Fg−1 per electrode. Increasing the applied current to
1 Ag−1 the specific capacitance drops by approximately 23% to 37.6 ± 1.1 Fg−1 .
A further increase in current to 5 Ag−1 decreases the specific capacitance to
39% of its inital value. Hence, the benefitial large capacitance of GOpr43 seems
not to be addressable at high rates.
Figure 7.33a highlights the calculated specific capacitances normalized to
the mean electrode value of GOpr43 as a function of the specific current. The
measured values are 195, 190, 181, 150 and 76 Fg−1 at 0.1, 0.2, 0.56, 2 and
10 Ag−1 .
Figure 7.33b compares these calculated specific capacitance values to other
graphite oxide and graphene based material symmetric full cell measurements.
The capacitance demonstrated for poly(sodium 4-stryensulfonate) intercalated
graphite oxide (PSS-GO) of 190 Fg−1 at 0.1 Ag−1 using TEABF4 / PC [193]
is well comparable to the results obtained with GOpr43. Partially reduced
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Figure 7.33: a) Specific capacitance of the material symmetric GOpr43 full cell using
1M TEABF4 / AN as a function of the applied specific current. Both are
normalized to the average active mass of an electrode. b) Comparison
of the rate handling capability of different graphene based materials
plotted as specific capacitance per single electrode as a function of the
specfic current per electrode. The shown materials are GOpr43 (n),
PSS-GO [193] (H) , PIL:RG-O [192] (l) , curved graphene [153] (s),
a-MEGO [154] t) and RGO [162] (u). Adopted from [263]

graphene oxide modified by poly(ionic liquid) achieved 187 Fg−1 at 1.0 Ag−1
using EMIM-NTf2 [192], which is comparable to GOpr43. Curved graphene with
162 Fg−1 at 0.5 Ag−1 using EMIMBF4 [153], activated microwave exfoliated
graphene oxide (a-MEGO) with 154 Fg−1 at 0.8 Ag−1 using TEABF4 / AN
[154] and partially reduced graphene oxide (RGO) with 158 Fg−1 at 0.2 Ag−1
using BMIPF6 [162] reveal clearly lower specific capacitance.
This comparison reveals that GOpr43 achieves specific capacitance values competitive to the best values found in literature.
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7.4. GOpr as electrode material for lithium ion capacitors
7.4.1. The idea of lithium ion hybrid capacitors
The previous section described the capacitive charge storage in GOpr for the
typical capacitor electrolytes of 1M TEABF4 / AN and 1M TEABF4 / PC. Even
though the demonstrated specific capacitance of GOpr is already one of the
best reported in literature there are possibilities to further increase the energy
density. One approach to achieve an increased energy density is the utilization
of a lithium containing electrolyte like employed in so called hybrid capacitors.
This special type of EDLC utilizes an intercalation material in one or both
electrodes [36, 325, 326].
In this context, the so-called lithium ion capacitor was developed, which utilizes
graphite in the negative electrode and activated carbon on the positive. Such
an arrangement is limited by the specific capacitance of the activated carbon,
as graphite is able to store Li ions up to Li1 C6 [327] resulting in a maximum
theoretical charge of 372 mAhg−1 [83, 85].
For the first design of the Li-ion capacitor the necessary amount of lithium for
the first charge cycle was provided from a third electrode in a single initial formation cycle [328]. Later, the lithium was provided from the positive electrode
[329]. In recent years, several different hybrid capacitors were suggested which
utilize lithium in the electrolyte for an enhanced capacity via the battery-like
redox process [326, 330].
Following the latter approach GOpr is an interesting candidate to be characterized in lithium electrolytes. Its graphite like nature as well as its double-layer
like charging mechanism makes it a suitable aspirant to replace the graphite as
well as the activated carbon of the described lithium ion capacitor.

7.4.2. Electrochemical characterization using LiClO4 / AN
Figure 7.34 displays the activation cycle and the subsequent cycles for the
negative and positive polarization of GOpr43 employing LiClO4 / AN with a
sweep rate of 1 mVs−1 . The overall observed electrochemical response is similar
to the one if using 1M TEABF4 / AN (compare Figure 7.17 and Figure 7.19).
In the beginning only a negligible small specific capacitance is observed which
is drastically increased after an electrochemical activation reaction. The corresponding activation potentials are ϕCA = -1.09 V and ϕAA = 1.27 V vs.
carbon for the negative and the positive polarization, respectively. Comparing
these values with the activation potentials for TEABF4 / AN of ϕCA = -0.90 V
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Figure 7.34: CVs showing the first (dashed line) and three subsequent (solid line) positive and negative polarization cycles for GOpr43 using 1M LiClO4 / AN
with a sweep rate of 1 mVs−1 . The vertex potential of the first positive
polarization was up to 1.8 V vs. carbon and up to 1.5 V vs. carbon
for the subsequent cycles. The vertex potential of negative polarization
was always to -2.0 V vs. carbon.

and ϕAA = 1.23 V vs. carbon reveals an approximately 200 mV shift for the
negative activation potential and 40 mV for the positive. This indicates an effect
of the ion on the activation process as the difference between Li+ and TEA+ is
−
more pronounced than the difference of ClO−
4 to BF4 (compare section 5.3).
After the activation, both polarizations exhibit a rectangular-like CV indicating
a double layer charging with an increased specific capacitance for the negative
polarization compared to the positive.
The negative polarization reveals no detectable sign of intercalation / deintercalation processes, but the Li+ seems to be inserted and released over the
whole 2.0 V potential window of charge and discharge. As more pronounced
Li+ insertion into graphite-like systems usually takes place at lower potentials
[82, 331], the vertex potential for the negative activation sweep was decreased
to -2.5 V vs. carbon and the vertex potential for the subsequent cycles to
-2.3 V vs. carbon. Figure 7.35 shows this extended negative polarization. The
extended vertex potential for the negative activation cycle leads to a second
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Figure 7.35: CVs showing the first (dashed line) and three subsequent (solid line positive and negative polarization cycles for GOpr43 using 1M LiClO4 / AN
with a sweep rate of 1 mVs−1 . The vertex potential of the first positive
polarization was up to 1.8 V vs. carbon and up to 1.5 V vs. carbon
for the subsequent cycles. The vertex potential of the first negative
polarization was down to -2.5 V vs. carbon and down to -2.3 V vs.
carbon for the subsequent cycles.

current minimum for potentials smaller than -2.2 V vs. carbon. This second
reduction might be related to the decomposition of PTFE [313] as well as AN
[324]. On the reverse sweep there is an oxidation peak at around -1.0 V vs.
carbon which might be correlated to oxidation of the reduced AN [324]. The
subsequent cycles exhibit a close to rectangular shape within the 2.3 V potential
window. Comparing the negative polarization of Figure 7.34 and Figure 7.35
gives the impression of a slightly increased specific capacitance for the electrode
with the larger potential window.
The rate capability for GOpr43 using LiClO4 / AN was measured with GSC
with a cut off voltage of either -2.0 or -2.3 V vs. carbon for the negative
polarization and to +1.5 V vs. carbon for the positive polarization (Figure 7.36).
For a current density of 0.1 Ag−1 the measured specific capacitances are 324 ± 7,
260 ± 7 and 176 ± 5 Fg−1 for the negative polarization activated at -2.5 and
-2.0 V vs. carbon and the positive polarization activated at +1.8 V vs. carbon,
respectively. Converting these values into the common battery notation of
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Figure 7.36: a) Specific capacitance and b) relative specific capacitance of the positive
(red) and negative (blue / dark blue) polarization of GOpr43 using
1M LiClO4 / AN as a function of the applied specific current.

mAhg−1 results in 207 ± 4 and 144 ± 4 mAhg−1 for the GOpr43 activated
with a vertex potential of -2.5 and -2.0 V vs. carbon, respectively. These are
remarkable values, especially as the electrode is charged and discharged within
less of an hour, while reaching 207 mAhg−1 which equals already more than
50% of the theoretical capacity of graphite (372 mAhg−1 ) [83, 85].
With increased current density of 1 Ag−1 the specific capacitances decrease to
223 ± 6, 196 ± 5 and 142 ± 4 Fg−1 . Hence, the decrease in specific capacitance
due to increase increased discharge rate is less than 30%.
Comparing these values to standard organic electrolyte of TEABF4 / AN reveals
−
a slight decrease in specific capacitance for the ClO−
4 compared to the BF4 ion
but an increase of more than 50% in specific capacitance employing Li+ instead
of TEA+ . In case of Li+ also the increased negative potential window has a
benefital effect on the overall specific capacitance and leads to a remarkable
increase in energy density.

7.4.3. Electrochemical characterization using LiClO4 / PC
Beside reporting a high specific capacitance for the negative polarization the
previous section showed that decomposition of both PTFE and AN are barriers
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Figure 7.37: CVs showing the first (dashed line) and three subsequent (solid line
positive and negative polarization cycles for PVDF bound GOpr43 using
1M LiClO4 / PC with a sweep rate of 1 mVs−1 . The vertex potential
of the first positive polarization was up to 2.0 V vs. carbon and up to
1.5 V vs. carbon for the subsequent cycles. The vertex potential of the
first negative polarization was down to -3.0 V vs. carbon and down to
-2.75 V vs. carbon for the subsequent cycles.

for a further increase of the negative potential window. A feasible approach
to overcome these barriers are the use of PVDF instead of PTFE as polymer
binder and the use of an electrochemical more stable solvent like PC.
Figure 7.37 shows the activation cycle and subsequent electrode cycle for 1M
LiClO4 / PC employing PVDF bound GOpr43 casted on a copper foil. The
activation vertex potentials were -3.0 V and +2.0 V vs. carbon for the negative
and positive polarization, respectively. For the the subsequent cycles the vertex
potentials were decreased to -2.75 V and 1.50 V vs. carbon for the negative and
positive polarized electrode, respectively.
A qualitative comparison of the achieved CVs with the one using LiClO4 / AN
(Figure 7.35) reveals a completely different current response for the negative
polarization. With the change of the solvent both the electrochemical activation reaction as well as the capacitive behavior of the activated electrode
has been changed. The activation potential decreased by approximately 1 V
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Figure 7.38: a) Specific capacitance and b) relative specific capacitance of the positive
(red) and negative (blue) polarization of GOpr43 using 1M LiClO4 / PC
as a function of the applied specific current.

to ϕCA = -2.27 V vs. carbon, compared to ϕCA = -1.07 V vs. carbon for
the activation potential if using AN. As both electrolytes only differ in the
used solvent, this indicates a different activation mechanism, where the solvent
might be the reagent. In addition, both the activation cycle as well as the
subsequent cycles have a distorted / ”whale-like” shape instead of being close
to rectangular. Hence, most of the observed insertion and release of Li+ ions is
taking place at potentials smaller than -1.25 V vs. carbon. The Li+ insertion
starts at potentials smaller -0.79 V vs. carbon and increases till reaching the
vertex potential. For the discharge, the Li+ release is peaking at approximately
-1.75 V vs. carbon before the current is continuously decreasing.
The specific capacitance for the activated negative and positive electrode was
determined by means of GSC (Figure 7.38a). On the one hand, for the smallest
discharge current of 0.1 Ag−1 the positive electrode exhibits a specific capacitance of 160 ± 5 Fg−1 which is slightly below the values using 1M LiClO4 / AN.
On the other hand the negative electrode reaches 387 ± 7 Fg−1 and hence a
by 20% increased specific capacitance compared to AN. Due to the increased
potential window of 2.75 V this value calulates to 296 ± 5 mAhg−1 which is
approximately 80% of the theoretical specicfic charge of graphite. Thus, the
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Figure 7.39: CVs showing the first (dashed line) and three subsequent (solid line
positive and negative polarization cycles for PVDF bound GOpr43
using 1M LiPF6 / EC:DMC with a sweep rate of 1 mVs−1 . The vertex
potential of the first positive polarization was up to 2.0 V vs. carbon
and up to 1.5 V vs. carbon for the subsequent cycles. The vertex
potential for the negative polarization was to -2.9 V vs. carbon.

specific capacity of GOpr43 using LiClO4 / PC equals the reversible cpacity of
graphite with 280-330 mAhg−1 [332].
However, by increasing the discharge rate this value drastically drops and already at 1.0 Ag−1 it is reduced to 161 ± 3 Fg−1 (123 ± 2 mAhg−1 ). Comparing
the relative specific capacitance of both the positive and negative electrode
(Figure 7.38b) reveals that both lose approximately 60% of their initial specific
capacitance for a specific current of 1.0 Ag−1 . Hence, the use of PC results in
a reduced rate handling capability, especially if compared to AN, which can
be explained with the smaller ionic conductivity of 1M LiClO4 / PC (compare
Table 5.4).

7.4.4. Electrochemical characterization using LiPF6 / EC:DMC
The characterization of GOpr43 in 1M LiClO4 / PC revealed that GOpr43 seems
to be a stable electrode material for an increased negative potential window.
Yet the use of LiClO4 / PC did not result in the expected advantages compared
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Figure 7.40: a) Specific capacitance and b) relative specific capacitance of the
positive (red) and negative (blue) polarization of GOpr43 using
1M LiPF6 / EC:DMC as a function of the applied specific current.

to LiClO4 / AN. Hence, the battery electrolyte 1M LiPF6 / EC:DMC was investigated as a third lithium electrolyte. It has a higher conductivity of 10.8
mScm−1 compared to 5.6 mScm−1 for LiClO4 / PC (compare Table 5.4 and
Table 5.5) and therefore, it should improve the rate handling capability while
providing stability in an increased potential window.
Figure 7.39 outlines the first 4 cycles of the negative and positive polarization of
PVDF bound GOpr43 with a copper current collector using 1M LiPF6 / EC:DMC.
The CV shape of the negative polarized electrode and the activation potential
are comparable to LiClO4 / PC but the recorded current response is by factor
2-3 larger. This is especially highlighted by comparing the positive polarization with the negative one. For the negative polarization the second cycle
shows a pronounced insertion reaction of Li+ ions for potentials smaller than
-1.0 V vs. carbon which increases till the vertex potential. On the back sweep
the Li+ release exhibit a close to rectangular shape with a plateau of almost 2 V.
GSC was used to measure the rate handling capability of GOpr43 in combination with 1M LiPF6 / EC:DMC (Figure 7.40). The outlined values demonstrate
a superior performance of GOpr43 with this electrolyte. Starting with the
small specific current of 0.1 GOpr43 the achieved specific capacitance values
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Figure 7.41: A subsequent CV of GOpr43 using 1M LiPF6 / EC:DMC with a sweep
rate of 0.3 mVs−1 . The measurement was realized with a lithium metal
RE within the potential window of 0.01 to 3.00 V vs. Li/Li+ .

are even higher than for LiClO4 / PC, with 634 ± 9 Fg−1 and 150 ± 9 Fg−1 for
negative and positive polarization, respectively. The high specific capacitance
of 634 Fg−1 calculates to capacity of 511 ± 7 mAhg−1 and hence is 137% of
the theoretical value of graphite. For an increased rate only a moderate drop
of this value is observable. At 1 Ag−1 more than 60% of the inital specific
capacitance is availbe, resulting in 395 ± 7 Fg−1 (318 ± 6 mAhg−1 ). Therefore,
the resulting specific capacitance of GOpr43 with 1M LiPF6 / EC:DMC is
higher than the highest values from LiClO4 in AN and PC.
Overall, GOpr43 showed a high capability for reversible Li+ insertion if using
the battery electrolyte. As the insertion and release process seem to be slow, a
more detailed characterization was done using a Li-metal reference for potential control and a reduced sweep rate of 0.3 mVs−1 . For both activation and
subsequent CV cycles the vertex potential was set to 0.01 V vs. Li/Li+ which
is approximately -3.15 V vs. carbon. Figure 7.41 displays the first cycle after
activation with focus on the discharge sweep. Due to the decreased sweep rate
and the changed focus of the graph, which emphasizes on the anodical sweep,
more current features are distinguishable compared to Figure 7.39.
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Figure 7.42: Series of 30 CVs of GOpr43 using 1M LiPF6 / EC:DMC with a sweep
rate of 0.3 mVs−1 . The measurement was realized with a lithium metal
RE within the potential window of 0.01 to 3.00 V vs. Li/Li+ .

The insertion of Li+ ions starts for the cathodic sweep at 2.29 V vs. Li/Li+
with continuous increasing current. However, the slope of the charging current
displays a less marked feature of a superimposed reduction peak (A) at approximately 1.5 V vs. Li/Li+ . Further decreasing the potential leads to a further
increase of the current (B) which peaks with approximately 1 Ag−1 (3400 Fg−1 )
at the vertex potential. A similar charging behavior was observed by Naoi et
al. [333, 334] for hard carbons using LiPF6 / EC:DEC. They also observed two
distinct regions in the charging sweep, which they contributed to a hard carbon
related Li+ insertion comparable to (A) and a Li+ intercalation like process
similar to (B). However, the high peak current values of the region (B) might
be also in parts attributed to a possible deposition of lithium metal clusters
[335, 336].
For the discharge, there are at least to superimposed oxidation peaks distinguishable. The first (C) at approximately 0.3 V vs. Li/Li+ would fit to either
superimposed de-intercalation of lithium or oxidation of lithium metal clusters
[334]. A second one (D) is peaking at 1.9 V vs. Li/Li+ might be the corresponding oxidation of the first observed reduction (A) during the charging sweep.
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Overall the close to rectangular shape of the Li+ release shows the characteristic of a double-layer-like discharge and is comparable to measurements with
graphene nanoplatelets [337].
In order to verify if this specific capacitance is usable for an application,
the cycle stability of GOpr with LiPF6 / EC:DMC was investigated within the
2.95 V window. Figure 7.42 displays representative CVs out of an experiment of
50 cycles with a sweep rate of 0.3 mVs−1 . In the first cycles after activation the
measured specific capacitance remained at the expected high level. However, already after 10 cycles the specific capacitance decreases, indicating a degradation
mechanism. After 30 cycles the insertion and release of Li+ is diminished by
90% from 1905 Cg−1 in the 1st cycle down to 208 Cg−1 in the 30th cycle. This
pronounced decrease in specific capacitance might be related to an irreversible
Li+ insertion. In this case the specific capacitance would decrease due to a
depletion of Li+ ions within the solvent [338]. Another possibility might be an
irreversible side reaction which decreases the capability of GOpr43 to store ions.
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7.5. Conclusions on the use of GOpr as electrode material
In chapter 7 the modified graphite material GOpr was introduced and its use as
electrode material for EDLCs employing either standard or lithium electrolytes
was outlined. Even though, the material characterization revealed GOpr to
have a very small SSA (less than 15 m2 g−1 ) and a too small interlayer spacing (between 3.35 and 4.43 Å) for direct ion insertion, the achieved specific
capacitance values summarized in the previous two sections are within the best
reported to date.
The reason for this result is connected to the electrochemical activation which
dominates every first polarization cycle of GOpr. The electrochemical activation
was always observed for either the first positive or negative polarization of GOpr,
independent of the employed electrolyte. Its effect seem to be an irreversible
modification of the GOpr structure resulting in an increased ion accessible SSA.
As the employed electrolytes are not capable of inducing a chemical roughening
of the carbon within the used potential window, the only explanation for the
observed increase in specific capacitance is an ion insertion in-between the GOpr
layers induced by the electrochemical activation.
After the activation all subsequent polarization cycles of GOpr yield a double
layer like charging and discharging characteristic featuring a competitive specific
capacitance. Figure 7.43 summarizes the rate handling capabilities of both
the negative and positive polarization using the example of GOpr43 for the
different electrolytes of: 1M TEABF4 / AN, 1M LiClO4 / AN, 1M LiClO4 / PC
and 1M LiPF6 / EC:DMC.
At first sight it is obvious that the negative polarization yields higher specific
capacitance values than the positive one. However, at the same time the negative
polarization shows a diversity in the achieved values which is related to the different used electrolytes. Especially the use of lithium electrolytes yield an increase
in specific capacitance but at the same time do not result in an improved rate
handling capability. Hence, the standard electrolyte 1M TEABF4 / AN with
the smallest specific capacitance features the best rate handling capability. This
was somehow expected, as 1M TEABF4 / AN has with 56 mScm−1 (Table 5.3)
the best conductivity of all employed electrolytes.
Compared to the negative polarization, the positive one shows a more coherent
picture of the resulting specific capacitance values, indicating only minor differ−
−
ences between the used ions of BF−
4 , ClO4 and PF6 . Similar to the negative
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Figure 7.43: Specific capacitance as a function of the specific current for the negative
(a) and positive (b) polarization of GOpr43 using 1M TEABF4 / AN (l),
1M LiClO4 / AN (s), 1M LiClO4 / PC (H) and 1M LiPF6 / EC:DMC
(u).

polarization the standard electrolyte yields the best rate handling capability
and in addition also the best specific capacitance.
In order to highlight the importance of these results it is necessary to putthem
into a broader context. The specific capacitance values achieved for GOpr
employing a standard organic EDLC electrolyte are one of the highest yet
published. As emphasized by Figure 7.33 GOpr43 shows one of the best
performances for graphite oxide and graphene based electrodes. However, the
achieved specific capacitance of 195 Fg−1 at 0.1 Ag−1 using 1M TEABF4 / AN
is not the highest value published for carbon electrodes in organic electrolytes.
Up to date there are four materials reported in literature which yield higher
values:
• Self-stacked, laser scribed graphene yields 276 Fg−1 at 5 Ag−1 using
EMIMBF4 [134];
• Solvated graphene yields 273 Fg−1 at 0.1 Ag−1 using EMIMBF4 [174];
• Nitrogen doped graphene yields 220 Fg−1 at 0.1 Ag−1 using 1M TEABF4 / AN
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[181];
• Graphene / SWCNT composite film yields 201 Fg−1 at 0.5 Ag−1 using
1M TEABF4 / PC [175].
All these results share a common ground, as they are all based on thin film
electrodes (1-20 µm) utilizing graphene / modified graphene. Therefore, one
has to consider that the specific capacitance values from these thin films are
less competitive if normalized to the device level [34, 35].
The achieved results for the lithium electrolytes in terms of specific capacitance
and capacity for the lithium insertion makes GOpr particularly interesting
for hybrid capacitors [326, 339]. Regarding capacitor applications the use of
GOpr in combination with LiClO4 / AN featured the best rate handling with
specific capacitance values of up to 324 Fg−1 (207 mAhg−1 ). For more energy
demanding applications a combination of GOpr with LiPF6 / EC:DMC might
be more feasible. However, the achieved capacity of 511 mAhg−1 at 0.1 Ag−1
is rather average if compared to capacities from graphene based electrodes:
• Wrinkled few-layer graphene achieving 1264 mAhg−1 at 0.1 Ag−1 in
1M LiPF6 / EC:DMC [337];
• Disordered graphene nanosheets achieving 1054 mAhg−1 at 0.05 Ag−1 in
1M LiPF6 / EC:DMC [340];
• Graphene nanosheet - fullerene (C60 ) composite achieving 784 mAhg−1
at 0.05 Ag−1 in 1M LiClO4 / EC:DEC [341];
• Graphene nanosheets achieving 672 mAhg−1 at 0.2 Acm−2 in 1M LiPF6 /
EC:DMC [342];
• Graphene nanosheets achieving 650 mAhg−1 at 1C in 1M LiPF6 / EC:DMC
[343].
These examples show higher values than achieved for GOpr43 with 1M LiPF6 /
EC:DMC. Nevertheless, these capacities were all achieved in a two cell arrangement measured with lithium metal counter electrode (CE). Hence, the shown
results are not limited by a possible lithium depletion [338] as the CE serves
as an infinite lithium source. In contrast to this, the measurements of GOpr43
were performed with an activated carbon CE and thus the only lithium source
was the electrolyte.
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Another major difference between GOpr43 and the listed examples is the structure of the active material. Even though all of them are based on reduced
graphene oxide as a building block, GOpr43 is the only material within this
comparison having a graphite like structure and thus having a certain crystallinity. This might be another reason for the smaller capacity of GOpr43, as
it is known that disordered carbons are capable to store extra lithium within
cavities and nanopores [332, 344]. Such utilization of defects can be observed for
disordered carbons [334, 345] and hard carbons [332, 346] leading to capacity
values up to 700 mAhg−1 [345].
Nevertheless, even without featuring the highest capacity GOpr seems to be a
promising candidate for hybrid capacitors, as it allows to increase the negative
potential above 2 V and yields a specific capacitance above 300 Fg−1 .
In total the important results of the two previous sections can be summarized
as:
• Both PTFE and PVDF are suitable as polymer binder;
• GOpr showed an electrochemical activation for both the negative and
positive polarization independent of the used electrolyte;
• Electrochemically activated GOpr achieves a competitive specific capacitance and rate handling capability;
• Utilizing 1M TEABF4 / AN GOpr43 achieved up to 178 ± 9 and 195 ± 10 Fg−1
for negative and positive polarization, respectively;
• GOpr43 showed a high affinity for lithium storage resulting in a specific
capacitance value of up to 634 ± 9 Fg−1 (511 ± 7 mAhg−1 ) employing
1M LiPF6 / EC:DMC.
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8.1. Motivation
Based on the implementation of portable electronics and sensors within every
day’s life there is a growing demand on cheap, reliable and flexible energy
storage devices [350]. Especially the flexibility gets more and more important
when aiming for an integration of electronics even within bendable devices or
clothes [351]. Therefore the research on flexible energy storage devices is of
utmost importance [352, 353]. When seeking for a bendable material with good
conductivity, mechanical and chemical stability, graphene might be a promising
candidate [96, 111], as it is not only suitable for the use as a current collector
[353] but could also be directly employed as an electrode material [67, 154, 195]
for EDLCs.
One way to utilize graphene directly for EDLC electrodes is to prepare a so
called free-standing graphene paper (GP). Such a paper can be produced by a
flow-directed filtration of a graphene dispersion [110], where the thickness of the
paper can easily be tuned by the amount of graphene in the solution or by the
filtration time. Another approach is to start from a dispersion of graphene oxide
instead of graphene [202]. The resolved graphene oxide paper (GOP) shows
similar morphology like the graphene paper, but has an increased interlayer
distance between 6-8 Å which is approximately twice that of graphite [111]. As
a drawback GOPs are not conductive and hence need to be further treated by
either a chemical [354], electrochemical [355] or thermal [356] reduction to regain
conductivity. Such completely reduced GOPs were employed as supercapacitor
electrodes in both aqueous and organic electrolytes. As shown in the conclusion
on the use of GOpr such thin film graphene electrodes are capable to achieve
the highest specific capacitance values reported to date.
This chapter will outline a bottom up approach to utilize individual graphene
oxide sheets to build up a thin paper-liker film electrode which can be utilized for
∗

Parts of this chapter are based on [347–349]
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Figure 8.1: Employed bottom-up modification of graphene oxide by agglomeration
to GO followed by partially thermal reduction to GOPpr.

EDLCs. The first part of this chapter will highlight the idea to utilize a modified
GOP, by applying a partial reduction process similar to GOpr (Figure 8.1). The
resulting structure constitutes a relatively dense package of graphene, which
should be nevertheless accessible for reversible ion insertion.
Thus the first part of this chapter will summarize the characterization of:
• Partially reduced graphene oxide paper (GOPpr)
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Figure 8.2: Employed bottom-up modification combining graphene oxide with carbon nanostructures to cGOP followed by partially thermal reduction to
cGOPpr.

Beside a large SSA also the ion accessibility plays an important role if it comes
to supercapacitor electrodes. As an optimized ion transportation is directly
connected to the rate capability a feasible strategy for further improvement would
be to introduce pillars within the graphene network to enhance the diffusion
pathways. Such pillars can be realized by introducing metal nanoparticles [357],
nanodiamonds (ND) [178], carbon spheres [182, 358], carbon black [168, 187,
359], fullerenes [341] and carbon nano tubes (SWCNT / MWCNT) [161, 170,
171, 175, 177, 179, 186, 360, 361].
Hence, the second part of this chapter will outline a bottom up approach using
individual graphene oxide sheets in combination with carbon nanostructures
[35, 362] to build up a graphene composite framework (Figure 8.2).
In total three different supports are investigated. First, by following the mainstream approach, MWCNTs are employed as relative cheap 1-dimensional
conductive carbon structures. A graphene-CNT composite is believed to consist
of randomly distributed CNTs between packages of graphene layers. In addition
CNTs add a certain SSA which should be directly accessible for double layer
formation. However, in case of MWCNTs this would be only a minor contribution.
Onion like carbons (OLC) are utilized as a second support material. They
consist of agglomerated conductive carbon structures based on 0-dimensional
multi-shell fullerenes. Utilizing this special kind of multi-shell fullerenes [59, 60]
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combine the approaches of using spherical carbons like carbon black, carbon
spheres or fullerenes. However, the OLC strategy is expected to be superior as
OLCs not only serve as pillars but also improve the overall conductivity of the
composite. Event though, this would be true also for the use of carbon black,
but OLCs provide a smaller size and hence a better distribution.
Since a small size of the support is believed to be beneficial, NDs are the third
and last investigated support structure. NDs are a promising candidate since
they are sp3 -hybridized carbons with sizes in the range of 5 to 8 nm [363].
The idea was to combine de-aggregated NDs with graphene oxide and apply a
thermal reduction treatment in order to tune the resulting composite material
in two directions. The first would be a low temperature reduction leading
to partially reduced graphene oxide supported by non-conductive NDs. The
second would be a high temperature reduction leading to graphene supported
by partially graphitized NDs, a process starting at pyrolysis temperatures close
to 1000◦ C [363, 364].
In summary the second part of this chapter will investigate the following
supported graphene membranes:
• MWCNT - partially reduced graphene oxide composite paper (MWCNTcGOPpr)
• OLC - partially reduced graphene oxide composite paper (OLCcGOPpr)
• ND- partially reduced graphene oxide composite paper (NDcGOPpr)
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8.2. Partially reduced graphene oxide paper (GOPpr)
The first approach to be outlined is the direct utilization of graphene in form of
GOPpr. The membrane is assembled by the described flow-directed filtration of
a graphene oxide dispersion (subsection 4.2.4), which is based on exfoliated GO
derived from SFG44. After thermal treatment at 200◦ C in argon the resulting
GOPpr was further characterized.

8.2.1. Material characterization
The microscopic structure of the GOPpr was investigated by SEM micrographs.
As it can be seen from Figure 8.3a/b) the GOPpr shows a membrane / paper like morphology with a basal plane like surface texture. A detailed look
(Figure 8.3c/d) on the edge plane of GOPpr reveals a dense stacking of partially reduced graphene oxide sheets similar to graphite / graphite oxide flakes
(compare Figure 7.3). The use of an even higher magnification (Figure 8.3e) emphasizes on this closely packed partially reduced graphene oxide layers. At the
highest magnification (Figure 8.3f) one can even distinguish graphene packages
of less than 10 nm sticking out of the edge plane. Compared to other graphene
oxide structures GOPpr provides a much denser graphene stacking than for
example graphene reduced by laser radiation (compare Figure 1E in [134]).
XRD reveals that both the untreated GOP as well as the thermally reduced
GOPpr have a distinct stacking order in [001] direction which are compared
in Figure 8.4. The precursor GOP shows a clear diffraction signal for an interlayer spacing of 7.11 Å which is in line with that of GOPs from literature
[111] and comparable to that of graphite oxide (compare Table 7.1). For the
thermally reduced GOPpr this diffraction peak gets broader and shifts to higher
angles indicating a reduced layering order with a smaller d001 spacing of 4.35 Å.
Thus the GOP reduced at 200 ◦ C shows a similar crystallinity as GOpr44
thermally reduced at 270 ◦ C (compare Table 7.1) and hence will be referred to
as GOPpr44.
The absence of any (h00) and (h0l) diffractions indicates a more or less perfect
parallel stacking of the graphene-like layers so that both diffraction signals are
not accessible by a reflection measurement.
EDX (Figure 8.5) was employed to determine the chemical composition of
GOPpr44 to be 83.69 wt.% carbon, 12.12 wt.% oxygen, 2.27 wt.% silicon and
1.94 wt.% chlorine. Normalized to C8 this gives a composition of approxiamtely
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Figure 8.3: SEM micrographs of GOPpr. a/b) display the membrane / paperlike structure of GOPpr. A medium magnification (c/d) reveals the
stacking / overlapping of graphene layers. The highest magnification
(e/f) highlight the dense package of the graphene sheets at an edge plane.
All micrographs were taken with the SE2 (a/b) and InLens (c-f) detector
using an acceleration voltage of 2 kV and a working distance of 5.74 mm.
Adapted from [348].
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Figure 8.4: XRD diffractograms showing d001 features for GOP (yellow) of 7.11 Å
and GOPpr44 (gray) of 4.35 Å. The diffractograms were taken with the
copper Kα wavelength of 0.1542 nm. Adapted from [348].
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Figure 8.5: EDX spectrum of GOPpr44 showing the X-ray emission features of
carbon, oxygen, silicon and chlorine. The inset with a magnification of
the Bremsstrahlung indicates traces of nitrogen and sodium.
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a)

2 μm
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c)

Figure 8.6: a) Photograph of an approximately 7 cm2 piece of GOPpr. b/c) Pictures
of GOPpr44 bended around a glass tube with a diameter of 6 mm.
Adapted from [348].

C8 O0.87 + 0.09Si + 0.06Cl. Hence, GOPpr44 is not as clean as the GOpr.
However, assuming the found silicon and chlorine to be non-particpating impurities the ratio of carbon to oxygen calculates to 90.2 at.% carbon and 9.8 at.%
oxygen which is a C/O ratio of 9.2. In this context it’s also to consider that
approximately 4.2 wt.% of impurities will lead to an underestimation of the
specific capacitance which is normalized to the overall film mass. Nevertheless,
the chemical composition of GOPpr44 is comparable to GOpr36 thermally
reduced at 600 ◦ C having an interlayer distance of 3.63 Å with a chemical
composition of 90.9 at.% carbon and 9.1 at.% oxygen (compare Table 7.2).
Even though the microscopic structure, crystallinity and chemical composition
of GOPpr44 features similarities to GOpr the macroscopic structure is completely different. Instead of flake-like particles GOPpr44 itself has a membrane/ paper-like morphology which allows an easy up-scaling of the membrane size.
Figure 8.6a displays an approximately 7 cm2 piece of GOPpr44 having a dark
color with some metallic glance similar to a graphite foil. Figure 8.6b/c displays
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Figure 8.7: CVs showing the first (dashed line) and second (solid line) positive
and negative polarization cycle for GOPpr44 using 1M TEABF4 / AN
with a sweep rate of 1 mVs−1 . The vertex potential of the first positive
polarization was 1.8 V vs. carbon and 1.5 V vs. carbon for the subsequent
cycle. The vertex potential of the first negative polarization was -2.5 V
vs. carbon and -2.3 V vs. carbon for the subsequent cycle. Adapted from
[348]

GOPpr44 bent around a glass tube with a diameter of 6 mm, which gives a
qualitative impression of the flexibility of the material. It was proven that
similar highly ordered GPs have extraordinary properties like biocompatibility,
mechanical strength and flexibility [354, 356].

8.2.2. Electrochemical characterization
Figure 8.7 displays the first two cycles for the positive and negative polarization
of GOPpr44 electrodes. Both polarizations are showing an electrochemical
activation reaction within the first sweep, like observed for GOpr (compare
Figure 7.18). The activation potentials of ϕAA = 1.31 V vs. carbon for the
positive (anodic) and ϕCA = -1.13 V vs. carbon for the negative (cathodic)
activation were calculated by the inflection point of the onset shoulder of the
activation current peak. A closer look on the activation behavior reveals an
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Figure 8.8: CVs of the positive (solid red) and negative (dashed red) polarization
combined with a full potential window cycle (dashed violet) of anodically activated GOPpr44 using 1M TEABF4 / AN with a sweep rate of
1 mVs−1 . Adapted from [348]

intense activation reaction for the positive polarization with activation currents above 2.5 Ag−1 . A similar maximum activation current was observed for
GOpr44 (Figure 7.18), however, for GOpr44 there were two distinct activation
reactions instead of only one, as observed for GOPpr44. The activation of the
negative electrode seems to be somehow hindered and the stepwise increase
in activation current might indicate some kind of two step process during the
activation.
The increase in specific capacitance due to the electrochemical activation observed in the back sweep of the first cycle indicates that the layered graphene
structure, which was not accessible at first contact to electrolyte, becomes accessible during the electrochemical activation reaction. For the subsequent cycles
both the positive as well as the negative polarization displays a rectangular
shaped CV indicating double layer like charge and discharge.
Comparing both polarizations it is obvious that the positively polarized GOPpr44
exhibits a faster charge transfer and a larger specific capacitance of 206 +14/-6 Fg−1
calculated according to Equation 6.14 from the discharge current over time
within the 1.5 V polarization window. The obvious influence of the activation
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Figure 8.9: CVs of the negative (solid blue) and positive (dashed blue) polarization
combined with a full potential window cycle (dashed violet) of cathodically activated GOPpr44 using 1M TEABF4 / AN with a sweep rate of
1 mVs−1 . Adapted from [348]

reaction on the GOPpr44 performance is further highlighted in Figure 8.8 and
Figure 8.9.
On the one hand, the anodically activated GOPpr44 (Figure 8.8) features close
to rectangular CVs for both the positive as well as the negative polarization. In
both cases the electrode reaches 270 Fg−1 during the discharge sweep at 0.0 V
vs. carbon, which is an increase of 50 Fg−1 compared to GOpr43 (Figure 7.19).
By integration of the discharge currents over time the specific capacitances
were calculated to be 206 +14/-6 Fg−1 (95 +6/-2 Fcm−3 or 84 +6/-2 mAhg−1 )
and 232 +17/-7 Fg−1 (107 +8/-3 Fcm−3 or 151 +11/-5 mAhg−1 ) for the positive
and negative polarization, respectively. In addition, the full potential sweep
between 1.5 and -2.5 V vs. carbon nicely highlights the capacitive performance
of an anodically activated GOPpr44. A closer look on the full cycle reveals the
appearance of two redox-like peaks. The one for the cathodic sweep at approximately -1.8 V vs. carbon and the other for the anodic sweep at approximately
0.7 V vs. carbon. Hence these peaks occur during both positive and negative
charging but are only pronounced for the full cycle. Therefore these redox-like
peaks do not contribute to the specific capacitance of the single electrodes.
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Figure 8.10: GSC for the positive (red), up to 1.5 V vs. carbon, and negative
(blue), down to -2.0 V vs. carbon, polarization of GOPpr44 with
1M TEABF4 / AN using specific currents of 0.1, 0.28, 1.0 and 5.0 Ag−1
and a holding period of 60 s at maximum potential. Adapted from [348]

On the other hand the cathodically activated GOPpr44 (Figure 8.9) shows
slightly distorted CVs for the negative and positive polarization. The specific
capacitances of around 150 Fg−1 cannot compete with the results from the
anodically activated GOPpr44 but are still superior to state of the art activated
carbons with a typical specific capacitance of 120 Fg−1 employing organic
electrolytes [37].
For a better determination of the available specific capacitance, GSC was
performed for each polarization individually. The respective triangular charge
and discharge curves are plotted in Figure 8.10 using specific currents of 0.1,
0.28, 1.0 and 5.0 Ag−1 , each with a 60 s hold period at maximum charge. The
calculated specific capacitance for the negative and positive electrode for these
specific currents, including also 10.0 Ag−1 , are displayed in Figure 8.11a. In each
case the discharge current was used for the calculation and an IR-correction was
applied subtracting charge and voltage of the first 0.5 s of the discharge. For the
positive electrode the achieved values are 199, 197, 191, 168 and 145 Fg−1 and
for the negative electrode 154, 136, 100, 48 and 39 Fg−1 . These numbers clearly
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Figure 8.11: a) Specific capacitance and b) relative specific capacitance of the
positive (red) and negative (blue) polarization of GOPpr44 using
1M TEABF4 / AN as a function of the applied specific current. Adapted
from [348]

demonstrate that anodically activated GOPpr44 yields the better performance.
This becomes even more obvious for the rate handling capability, plotting the
relative specific capacitance as a function of the specific current (Figure 8.11b).
Even at a specific current of 10 Ag−1 the anodically activated GOPpr44 remains
at 73 % of its initial specific capacitance of 199 Fg−1 , whereas the cathodically
activated GOPpr44 drops down to 25% of its initial 154 Fg−1 . Therefore, even
at high rates, the positive activated GOPpr44 exhibits a competitive specific
capacitance. A comparison of the specific capacitance values with other highenergy carbon materials reveals a similar performance to silicon carbide-derived
carbon with 148 Fg−1 at 8.6 Ag−1 in 1M TEABF4 / AN [57], activated reduced
graphene oxide films with 120 Fg−1 at 10 Ag−1 in 1M TEABF4 / AN [195] or
even activated microwave exfoliated graphite oxide (a-MEGO) with 166 Fg−1
at 5.7 Ag−1 in 1M BMIMBF4 / AN [154].
From the electrochemical characterization it turned out that GOPpr44 can
either be activated by a negative or a positive potential sweep resulting in a
capacitor like behavior. The negligible specific capacitance prior to activation
indicates to a very dense graphene layer packing for the pristine GOPpr44 which
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was proven by XRD, too. It also implies that the internal surface of the GOPpr44
electrode is not accessible for ions at first contact with the electrolyte. Therefore
the observed electrochemical activation seems to modify the stacking of the
graphene layers to allow ion insertion and release within the graphene sheet
network. This observation is in line with previous observations for GOpr (compare section 7.3). In addition this special characteristic makes GOPpr44 unique
compared to graphene paper electrodes described in literature [134, 174, 195]
which do not undergo an electrochemical activation step to make the SSA accessible and therefore have a different microscopically arrangement of the graphene.
The comparison between the activated positive and negative electrode reveals
a huge difference in the performance. On one hand, the positive electrode
shows a distinct electrochemical activation leading to a specific capacitance of
199 +14/-5 Fg−1 (92 +6/2 Fcm−3 or 83 +4/-2 mAhg−1 ). On the other hand,
the negative electrode exhibits a somehow stepwise activation, resulting in the
relatively small specific capacitance of 154 +12/-5 Fg−1 (71 +5/-2 Fcm−3 or
86 +7/-3 mAhg−1 ). This discrepancy may not be only related to the different
type of intercalated ions, TEA+ and BF−
4 but might be related to the reaction
mechanism of the activation. Thus, a further more detailed investigation of
both the anodically as well as the cathodically activation reaction was required.
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8.3. Partially reduced graphene oxide composite paper
(cGOPpr)
The last section outlined a feasible approach for the use of graphene in a
self-supported membrane- / paper-like electrode. From the electrochemical
characterization it is obvious that introduced GOPpr44 achieved an outstanding specific capacitance as well as rate handling capability, but only for the
anodically activated form. Therefore the following section will focus on the use
of carbon nanostructures introduced as pillars within the GOPpr to improve
the rate handling capability especially for the negative polarization. Following
this approach, it is expected that the measured specific capacitance values
will decrease. This is caused by the normalization to the overall mass of the
composite within the electrodes, even though only the graphene contributes to
the capacitance.

8.3.1. Partially reduced graphene oxide carbon nanotube composite
MWCNTs are the first carbon nanoparticles utilized as support to yield a
pillared graphene structure. The MWCNT / graphene oxide composite was
synthesized by a flow directed filtration of a dispersion with a 1:1 mass ratio of
graphene oxide to MWCNTs and by employing the same reduction treatment
as for GOPpr44. In contrast to GOPpr44 the resulting membrane was brittle
and hence the MWCNTcGOPpr needed to be PTFE bound in order to be used
as an electrode.
The morphology of MWCNTcGOPpr was investigated by SEM (Figure 8.12).
Micrographs at low magnification (a/b) display distorted agglomerates of
graphene-like layers, having a flake like shape. At higher magnification (c-f) the
micrographs reveal not only 1-dimensional MWCNTs between the graphene-like
packages but also some unidentified impurities. Overall the SEM micrographs
gave the impression that the MWCNTs are quite large and hence seem to add
quite a lot of mass. In total the characterization via SEM revealed neither
the MWCNTs nor the additional impurities to yield a significant increase in SSA.
The measured electrochemical response verified the latter observation. Figure 8.13 outlines the first two CVs of both the positive and negative polarized
MWCNTcGOPpr using 1M TEABF4 / AN with a sweep rate of 1 mVs−1 . Like
for GOpr and GOPpr44 the first polarization sweep is dominated by the electro-
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Figure 8.12: SEM micrographs of MWCNTcGOPpr. The micrographs at low magnification (a/b) display the flake like shape of the agglomerated composite,
whereas the micrographs at higher magnification (c-f) reveal the MWCNTs to be between packages of graphene. All micrographs were taken
with the InLens detector using an acceleration voltage of 2 kV and a
working distance of 4.0 mm.
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Figure 8.13: CVs showing the first (dashed line) and second (solid line) two
positive and negative polarization cycle for MWCNTcGOPpr using
1M TEABF4 / AN with a sweep rate of 1 mVs−1 . The vertex potential
of the first positive polarization was 1.8 V vs. carbon and 1.5 V vs.
carbon for the subsequent cycle, whereas the vertex potential for the
negative polarization was always set to -2.0 V vs. carbon.

chemical activation. In this context it is important to note that at the beginning
of the first sweep the current response is negligible small and hence even with
the added MWCNTs the SSA seems to be in the same range like GOpr and
GOPpr44, respectively.
The activation potentials of ϕAA = 1.11 V vs. carbon and ϕCA = 0.95 V vs.
carbon are comparable to the one of GOPpr44, even though they shift slightly to
smaller absolute potentials. Further the reached activation currents are smaller
than observed for GOPpr44 (Figure 8.7) but similar to GOpr42 (Figure 7.18).
Thus, the MWCNTs might have an influence on the activation reaction.
For the subsequent cycles the MWCNTcGOPpr again shows the expected behavior of an double layer like charging and discharging.
GSC was employed for further characterization of the composite. Figure 8.14
summarizes the specific capacitance as well as the relative specific capacitance
as a function of the specific current. The achieved specific capacitance values of
95 ± 2 Fg−1 and 89 ± 2 Fg−1 at a specific current of 0.1 Ag−1 for positive and
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Figure 8.14: a) Specific capacitance and b) relative specific capacitance of the positive (red) and negative (blue) polarization of MWCNTcGOPpr using
1M TEABF4 / AN as a function of the applied specific current.

negative polarization, respectively, are by factor two lower than for GOPpr (Figure 8.11). Therefore, in contrast to SWCNTs [62, 63] the employed MWCNTs
do not yield any significant increase in specific capacitance. This was somehow
expected, as the main idea for the addition of MWCNTs was to improve the
rate handling capability while sacrificing some of the achievable capacitance.
However, a closer look on the relative specific capacitance reveals that there is
no enhancing effect of MWCNTs on the rate handling capability. In fact even
the opposite is the case. Already at 1.0 Ag−1 the initial specific capacitance
decreased by approximately 50% and hence, no synergetic effect of MWCNTs
on the rate handling capability was detectable.
Nevertheless the used composite evidenced the feasibility of the approach of
combining graphene oxide with carbon nanoparticles. It’s also worth to mention
that the composite material still exhibit an electrochemical activation reaction
which was never described for similar composites in literature.
In total MWCNTcGOPpr serves as a proof of concept for integration of carbon
nanostructures within the graphene-like matrix of GOPpr44.
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8.3.2. Partially reduced graphene oxide onion like carbon composite
The second carbon nanostructure graphene composite to investigate is a combination of graphene oxide with OLCs. OLCs are 0-dimensional carbon nanoparticles derived from NDs by annealing and are best described as agglomerated
multi-shell fullerenes [60, 365]. The employed OLCs are based on acid purified
NDs annealed at 1800 ◦ C. They yield a specific surface area of 397 m2 g−1
[60, 219] and a conductivity of approximately 4 Scm−1 which is only by factor
two smaller than carbon black [60]. Electrodes made out of this OLCs yield
a specific capacitance of round about 23 Fg−1 at a sweep rate of 10 mVs−1
[219] which only slightly decreases for higher rates [58, 60, 366]. Hence, the
OLC graphene oxide composite membrane (OLCcGOPpr), having a mass ratio
of 1:1, is expected to exhibit a decreased specific capacitance. The employed
OLCcGOPpr was synthesized like GOPpr44 and MWCNTcGOPpr, using the
same graphene oxide dispersion. Similar to the MWCNTcGOPpr it was not
possible to achieve a stable membrane and thus, PTFE binder was necessary
for the electrode preparation.
The morphology of OLCcGOPpr was investigated by SEM. Figure 8.15 summarizes SEM micrographs with different magnifications. At lower magnification
(a/b) the surface texture structure of the OLCcGOPpr flakes seems to be distorted and in contrast to GOPpr44 and MWCNTcGOPpr there is no obvious
basal plane like surface texture visible. With increasing magnification (c-e) the
micrographs reveal islands of OLC aggregates embedded within a distorted
graphene agglomeration. The observed OLC islands seem to have diameters
up to several hundred nm. Nevertheless, the micrograph with the highest
magnification (f) reveals also the existence of small OLC aggregates sitting
on top of the agglomerated graphene basal plane. This small clusters have a
diameter of less than 20 nm and even individual OLC spheres < 10 nm are
distinguishable.
In total the SEM micrographs indicate a less homogeneous OLC-graphene
composite, having distinct regions of distorted agglomerated graphene as well as
OLC islands. As a result it seems that some of the OLCs a directly accessible
and hence the SSA should be increased compared to GOPpr44 and MWCNTcGOPpr.
The electrochemical response of the first two positive and negative polarized
CVs of OLCcGOPpr using 1M TEABF4 / AN with a sweep rate of 1 mVs−1 is
shown in Figure 8.16. A closer look on the onset of the current response for
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Figure 8.15: SEM micrographs of OLCcGOPpr. The micrographs at low magnification (a/b) display a distorted surface structure of the flake like
membrane pieces, whereas the micrographs at higher magnification (c-f)
reveal islands of OLCs on the basal planes. All micrographs were taken
with the InLens detector using an acceleration voltage of 2 kV and a
working distance of 4.1 mm.
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Figure 8.16: CVs showing the first (dashed line) and second (solid line) positive and
negative polarization cycle for OLCcGOPpr using 1M TEABF4 / AN
with a sweep rate of 1 mVs−1 . The vertex potential of the first positive
polarization was 1.8 V vs. carbon and 1.5 V vs. carbon for the subsequent cycle, whereas the vertex potential for the negative polarization
was always set to -2.0 V vs. carbon.

the first polarization sweep reveals a formation of a double layer with approximately 22 Fg−1 for potentials of ± 0.25 V vs. carbon. Hence, already at first
contact to electrolyte a certain SSA is accessible for double layer formation.
Continuing with the first sweep this initial double layer region is followed by
the expected electrochemical activation reaction. The activation potentials
calculate to ϕAA = 1.05 V vs. carbon and ϕCA = 0.87 V vs. carbon for positive
and negative polarization, respectively. Compared to GOPpr44 the activation
potentials are decreased by 140 mV and 200 mV for the positive and negative
activation reaction, respectively. Hence, the OLCs not only yield a directly
accessible SSA but also reduce the potential needed for the first ion insertion.
Further GSC was employed to characterize the rate handling capability of
the OLCcGOPpr (Figure 8.17). At a specific current of 0.1 Ag−1 the composite
yielded 91 ± 4 Fg−1 and 68 ± 3 Fg−1 for the positive and negative polarization,
respectively. Like for the MWCNTcGOPpr these values are by factor two
smaller than for GOPpr44. But in contrast to the MWCNT composite the OLC
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Figure 8.17: a) Specific capacitance and b) relative specific capacitance of the
positive (red) and negative (blue) polarization of OLCcGOPpr using
1M TEABF4 / AN as a function of the applied specific current.

one shows an improved rate handling capability for both polarizations. At a
specific current of 1 Ag−1 the initial specific capacitance only drops by 10 %
and even at 10 Ag−1 still more than 45 % of the inital specific capacitance is
still available. Comparing these values with the GOPpr44 (Figure 8.11) reveals
indeed an improvment for the negative polarization, but not for the positive
polarization.
In total the combination of OLCs with graphene yielded a better result
than utilizing MWCNTs. However, the addition of OLCs resulted in a decrease in specific capacitance by factor two compared to GOPpr44 and only
the rate handling capability of the negative polarization benefits from the OLCs.
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8.3.3. Partially reduced graphene oxide nanodiamond composite
Continuing the approach of using OLCs as support, the last investigated carbon
nanostructure were NDs. NDs are sp3 hybridized carbons with an average size
between 5-8 nm aggregated into larger clusters which could be used as precursor
for OLCs. In contrast to OLCs the ND clusters can be de-aggregated to sizes
below 50 nm by employing a salt milling technique [204]. Introducing these
small ND aggregates into a graphene oxide framework was expected to yield a
more uniform distribution of pillars. In addition, the use of NDs should allow
to further tune the resulting cGOPpr by the applied reduction temperature. As
NDs start to graphitize at temperature close to 1000 ◦ C [363, 364], it should
be possible to either get ND or partially graphitized ND pillars. In order to
follow this approach the resulting NDcGOP, as well as an unsupported GOP∗ ,
were thermally reduced under nitrogen atmosphere at temperatures of 200, 250,
800 and 1000 ◦ C. Pieces punched out of these membranes with a diameter of
10 mm were attached to a current collector and used as electrodes.

GO
a)

NDs + GO
c)

100 nm

b)

100 nm

d)

10 nm

10 nm

Figure 8.18: TEM micrographs comparing graphene oxide (a/b) with a graphene
oxide nanodiamond mixture (c/d) prior to the film processing.
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Figure 8.19: SEM micrographs of the pyrolized membranes at 1000 ◦ C based on
graphene oxide (a-c) and on the graphene oxide nanodiamond mixture
(d-e). The micrographs were taken with the InLens detector using an
acceleration voltage of 2 kV and a working distance of 4.3 mm.

Figure 8.18 compares TEM micrographs of bulk graphene oxide (Figure 8.18
a/b) and the graphene oxide nanodiamond mixture (Figure 8.18 c/d) at different
magnifications. In contrast to the bulk graphene oxide the mixture features
a homogeneous distribution of nanodiamonds. Even though most of the ND
aggregates are well below 50 nm some larger clusters still remained after milling.
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Figure 8.20: XRD diffractograms of the graphene oxide based membrane (a) and
the one based on the graphene oxide nanodiamond mixture (b). Each
display the diffractogram of the untreated membrane as well as the ones
for the different reduction temperatures of 200, 250, 800 and 1000 ◦ C.
Adapted from [349]
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Figure 8.19 displays SEM micrographs of the morphology of the resolved NDcGOPpr membrane compared to GOPpr∗ , both pyrolyzed at 1000 ◦ C. GOPpr∗
(Figure 8.19 a-c) only displays a stacking of graphene sheets, whereas the
NDcGOPpr composite membrane (Figure 8.19 d-f) features a white coating
in-between the layers. This coating could be identified as clusters of partially
graphitized NDs on higher magnification (Figure 8.19f).
In addition to TEM and SEM investigations the resolved membranes were
also characterized by XRD. Figure 8.20 displays the diffractogram patterns of
GOPpr∗ (a) and NDcGOPpr (b), respectively. The comparison reveals that
both membranes exhibit approximately the same d001 feature for each pyrolization temperature, leading to similar interlayer distances. But in contrast to
the graphene membrane the d001 features of the composite membrane show
broadened peaks with decreased intensity and therefore has a less ordered
structure. This indicates that the NDs are not distributed in-between individual
graphene sheets, but are allocated between small blocks of packed graphene
layers. The calculated interlayer distances range from 7.55 Å for the GOP /
NDcGOP membrane to 4.71, 4.41, 3.44 and 3.38 Å for the pyrolyzed membranes
at temperatures of 200, 250, 800 and 1000 ◦ C. These values are comparable to
GOpr reduced at similar temperatures (compare Table 7.1).
The electrochemical performance of the ND-graphene composite membranes
was characterized for the positive polarization using an activation cycle to
1.9 V vs. carbon followed by CV cycles between 0 and 1.5 V vs. carbon. The
CVs were recorded with a sweep rate of 1 mVs−1 using 1M TEABF4 / AN.
In order to judge the performance of the NDcGOPpr membranes the same
characterization was done for the GOPpr∗ films reduced at the same temperatures. Figure 8.21 summarizes the results from this characterization, showing
the CVs of GOPpr∗ and NDcGOPpr on the left and right side, respectively .
Starting with GOPpr∗ pyrolyzed at 1000 ◦ C it can be seen that the activation
reaction seems to be hindered. The resulting specific capacitance of 19 Fg−1 is
relatively small and indicates that the ions cannot access the internal surface
of the graphene membrane. By decreasing the pyrolysis temperature both the
activation reaction as well as the achieved specific capacitance, are improved.
The best result of this series was achieved for GOPpr∗ reduced at 250 ◦ C
(4.41 Å) resulting in a specific capacitance of 147 Fg−1 . However, compared
to 199 Fg−1 achieved for GOPpr44 (compare subsection 8.2.2) this graphene
membrane yielded approximately 25% less specific capacitance. The reason for
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Figure 8.21: First (dashed line) and second (solid line) CV cycles for the positive
polarization for GOPpr∗ (gray) and NDcGOPpr (red) having interlayer
distances of 3.38, 3.44, 4.41 and 4.71 Å. All the CVs were taken with a
sweep rate of 1 mVs−1 using 1M TEABF4 / AN. Adapted from [349]
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Figure 8.22: Relative specific capacitance calculated from the discharge at 1 Ag−1
for the GOPpr∗ and the NDcGOPpr as a function of the interlayer
distance. Adapted from [349]

this weak performance might be found within the thickness of the membrane.
Both the GOpr∗ as well as the NDsGOpr have a thickness of 100-200 µm which
might lead to an increased resistance. This higher resistance might also explain
the more elliptical shaped CV of the 1.5 V cycles in Figure 8.21.
Continuing with the NDsGOPpr (Figure 8.21 right) it is obvious that it struggles
from the same effects like GOPpr∗ (Figure 8.21 left). The observed electrochemical activations of the composite are similar to the GOpr∗ . This supports the
observation from the XRD that the composite is based on graphene packages separated by NDs. Therefore the observed activation reactions in Figure 8.21/right
are related to graphene packages and not to NDs. As for GOPpr∗ the best
specific capacitance is reached for NDcGOPpr pyrolyzed at 250 ◦ C (4.41 Å)
yielding 104 Fg−1 . This value is smaller than the one of GOPpr∗ but this could
be explained with the NDs inside the graphene matrix which add mass but
almost no capacitance.
Figure 8.22 compares the relative specific capacitance of GOPpr∗ and the
NDsGOPpr as a function of the interlayer distance. The relative specific capacitance was calculated from the discharge current at 1 Ag−1 in relation to
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0.1 Ag−1 . It can be seen that for all interlayer distances the ND-graphene
composite membranes show a better rate capability.
The achieved ND-graphene composite membrane proved the possibility of
inserting a carbon based support material more uniformly inside a graphene
matrix. However, XRD and cyclic voltammetry showed that the NDs are
not completely homogeneously spread, but are concentrated between blocks of
graphene packages. The electrochemical characterization indicates that partially
pyrolyzed NDs have no positive effect on the achievable specific capacitance of
the material.
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8.4. Comparison of the graphene oxide based electrodes
chapter 8 outlined a bottom-up approach to utilize graphene oxide in freestanding electrodes employing the organic electrolyte 1M TEABF4 / AN. In
total two different synthesis routes were emphasized, one using GOP similar
to GO in a partially reduced form, the other implemented a pillared partially
reduced GOP composite.
In summary the achieved results were slightly below expectations, since only
the anodically activated GOPpr44 exhibits a superior performance. All the
other investigated thin-film electrodes seem to either suffer from an insufficient
activation reaction or from the additional mass of the used additive which yield
only minor contributions to the performance.
Figure 8.23 combines the achieved specific capacitance values as a function of
the specific current, each normalized to the overall electrode mass. It is obvious
that only GOPpr44 reaches values above 150 Fg−1 , whereas the three graphene
support composites are below 100 Fg−1 . This indicates that the added carbon
nanostructures did not contribute significantly to the specific capacitance and
hence the amount of available partially reduced graphene oxide determines its
maximum value.
Regarding the rate handling capability again the anodically activated GOPpr44
exhibits the best values and hence shows an overall superior performance. The
second best material seems to be OLCcGOPpr which yields a competitive rate
handling for the positive as well as for the negative polarization. In contrast
to that neither the employed MWCNTs nor the NDs seem to have a beneficial
effect on the performance.
In order to further assess these results it is necessary to compare them to
similar electrode composites described in literature.
An analysis of the performance values for free-standing graphene thin-film
electrodes reveals that they are capable to yield the highest specific capacitance
values when not considering pseudo-capacitance contributions. The best three
examples for graphene thin-film electrodes are:
• ”Self-stacked, laser scribed graphene” yields 276 Fg−1 at 5 Ag−1 using
EMIMBF4 [134];
• ”Self-stacked, solvated graphene film” yields 215 Fg−1 at 0.1 Ag−1 with
1M H2 SO4 [174];
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Figure 8.23: Specific capacitance as a function of the specific current, each normalized
on the electrode mass, for the negative (a) and positive (b) polarization of
GOPpr44 (s), MWCNTcGOPpr (u), OLCcGOPpr (l) and NDcGOPpr
(4.14 Å) (H) using 1M TEABF4 / AN.

• ”Free-standing, activated, reduced graphene oxide film” with a SSA of up
to 2400 m2 g−1 yields 120 Fg−1 at 10 Ag−1 using 1M TEABF4 / AN [195].
It is obvious that the reached value of 276 Fg−1 for ”self-stacked, laser scribed
graphene” has set a high standard.
Nevertheless, the achieved value of 199 +14/-5 Fg−1 at 0.1 Ag−1 for the anodically activated GOPpr44 in 1M TEABF4 / AN is equal to ”self-stacked, solvated
graphene” as well as ”free-standing, activated, reduced graphene oxide”. Hence,
by either improving the negative activation or by using an anodically activated
GOPpr44 for the negative polarization, GOPpr44 could achieve a top-notch
EDLC electrode performance.
The comparison of the graphene oxide composite electrodes with literature is
a bit more difficult as most values reported were measured in aqueous environment. In addition it is also important to consider the graphene to support ratio
in order to get a meaningful comparison.
For CNTs as support another difficulty rises as it is possible to utilize either
SWCNTs, MWCNTs or simply not closer defined CNTs. When searching literature for CNT graphene composite electrodes with a mass ratio of approximately
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1:1 the following three examples achieved the highest specific capacitance values:
• Graphene / SWCNT composite film yields 201 Fg−1 at 0.5 Ag−1 using
1M TEABF4 / PC [175];
• Graphene nanosheet / MWCNT composite film (mass ratio 1:1) with a
thickness of less than 50 µm yields 180 Fg−1 at 0.1 Ag−1 using 6M KOH
[186];
• Reduced graphene oxide / CNT composite film (mass ratio 1:1) yields
approximately 130 Fg−1 at 0.1 Ag−1 using 1M H2 SO4 [170].
It can be seen that by employing a SWCNTs graphene composite specific
capacitance values of up to 200 Fg−1 are still possible even when using organic
electrolytes. However, for the use of MWCNTs and CNTs the values decrease
despite using aqueous electrolytes. But still, compared to these values the
achieved specific capacitance of 95 ± 2 Fg−1 at 0.1 Ag−1 for MWCNTcGOPpr
in 1M TEABF4 / AN fell short of expectation. Therefore either the employed
MWCNTs or the way of assembling the composite electrode might be responsible for this non competitive result.
Continuing with the OLC graphene composite reveals that up to now there are
no characterizations reported of such a composite. The most similar composites
reported to date are based on graphene carbon black mixtures. However, the
carbon black is always added as an additive with less than 16 wt.% of the overall
electrode mass:
• 17.5 µg graphene nanosheet nanocarbon composite (mass ratio 99:1) on a
glassy carbon disk achieves 325 Fg−1 at 0.3 Ag−1 using 1M H2 SO4 [359];
• Agglomerated graphene nanosheets carbon black composite (mass ratio
9:1) achieves 175 Fg−1 at 10 mVs−1 (1.75 Ag−1 ) using 6M KOH [168];
• Graphene carbon black composite film (volume ratio of the dispersions:
100:20) with a thickness of less than 5 µm achieves 83.2 Fg−1 at 10 mVs−1
(0.83 Ag−1 ) using 1M LIPF6 / EC:DMC [187];
• Bulk OLC electrode with OLCs graphitized at 1800 ◦ C achieves approximately 23 Fg−1 at 10 mVs−1 (0.23 Ag−1 ) using 1M TEABF4 / AN [219].
Considering values of 325 and 175 Fg−1 , it is obvious that the reported specific
capacitance is dominated by the graphene even though aqueous electrolytes
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were utilized. Overall, the small amounts of carbon black additive added in
the listed examples only slightly decrease the maximum specific capacitance
expected for a bulk graphene electrode.
However, the achieved result of 91 ± 4 Fg−1 at 0.1 Ag−1 for OLCcGOPpr using
1M TEABF4 / AN is superior to carbon black graphene composite with 16 wt.%
additive as well as by factor four superior to a bulk OLC electrode. Hence,
utilizing OLCs as support for graphene thin-film electrodes seems to be more
benefitial than the use of carbon black, however, in order to maximize the yield
the graphene OLC mass ratio needs to be optimized.
The possibility to use NDs as a support structure within a graphene matrix
is a relatively novel concept and therefore only one publication is available up
to now:
• Graphene ND composite film with a thickness of less than 80 µm, annealed
at 1200 ◦ C, yields 143 Fg−1 at 0.2 Ag−1 using 1M H2 SO4 [178].
In contrast to the introduced NDcGOPpr the described graphene ND composite
uses a synthesis route which definitely leads to graphitization of the NDs to
OLCs. Hence, even thought they start with NDs the resulting composite might
be more comparable to the OLCcGOPpr than the NDcGOPpr. Nevertheless,
the reported result is approximately 40 % better than the achieved 104 Fg−1
at 0.1 Ag−1 for NDcGOPpr annealed at 250 ◦ C using 1M TEABF4 / AN. This
discrepancy might be explained that the preparing conditions of either the
NDcGOP or the NDcGOPpr were not optimized. The somehow insuficient
preparation becomes obvious when comparing GOPpr∗ with GOPpr44, as
also the reference membrane GOPpr∗ , without NDs, was beyond expectations.
Therefore, again the key aspect for a good performance seems to be the electrochemical activation reaction.
To summarize, the results of GOPpr44 and the three different cGOPpr are not
as bad as rated at first sight. In total, they yield a nice proof of the concept for
the use of graphene and supported graphene thin-film electrodes with enhanced
performance. However, one of the key aspects for a further improvement is the
understanding of the activation reaction. Taking the example of GOPpr44 and
NDcGOPpr it is obvious that the electrochemical activation has a large impact
on the resulting electrode performance.

183

Chapter 9.
The electrochemical activation∗
9.1. Motivation
The electrochemical activation of carbon electrodes for EDLCs was first introduced by Takeuchi et al. for KOH activated calcined petroleum cokes and
pitches [265, 266]. By employing these materials as EDLCs electrodes they
observed the first polarization to be some kind of formation cycle, yielding an
increase in specific capacitance. This formation / activation cycle was described
as an electric field induced intercalation of cations and anions, respectively,
with solvent. The intercalation starting voltage measured in a full cell setup
was found to depend on the employed solvent and the interlayer distance of the
graphitized carbon, which ranged from 3.6 to 3.8 Å [266]. The achieved specific
capacitance after electrochemical activation was found to be competitive to
activated carbon and hence this material was commercialized in the so called
”Nanogate” capacitor [368, 369]
In-situ SAXS and in-situ dilatometry studies of pitch-derived activated carbon
by Ruch et al. [261] showed evidence that the electrochemical activation is
partly related to irreversible insertion of ions.
Beside pitch-derived carbons the electrochemical activation was also reported
for heat treated oxidized needle cokes by Kim et al. [304, 370], for oxidized
mesocarbon microbeads (MCMB) by Oh et al. [268, 269] and for KOH activated
soft carbons [371–373]. In all these studies the electrochemical activation was
observed for graphitized carbons containing oxygen groups to a certain extent
and featuring an interlayer spacing between 3.6 and 4.0 Å.
A similar electrochemical activation can be observed for GOpr, GOPpr and
cGOPpr when employing different organic and lithium based electrolytes (compare chapter 7 and chapter 8). Hence, also modified graphites derived from a
partially reduction of either GO or graphene oxide exhibits the same formation
cycle like the described carbons above.
It was found that the activation potential of GOpr for both the positive as well
∗

Parts of this chapter are based on [233, 262–264, 367]
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as the negative polarization is decreasing by increasing the interlayer spacing
from 3.35 to 4.47 Å (Figure 7.18 and Figure 7.22), which envelopes the results
from Takeuchi et al. for interlayer spacings between 3.6 and 3.8 Å [266]. In
addition the conducted characterizations revealed that the electrochemical activation has an influence on the achievable specific capacitance as well as the rate
handling capability. In order to gain a better understanding of the capacitive
response of the materials introduced in the presented work it was important to
develop a better insight of the electrochemical activation reaction.
Therefore, the present chapter 9 will focus on an experimental approach
to investigate the influencing parameters of the activation reaction. For this
purpose a variety of techniques, like electrochemical in-situ dilatometry and
electrochemical in-situ XRD were employed to examine different aspects of the
activation reaction mechanism and its yield.
In the first part of this chapter the influence of several parameters, like the
interlayer distance or the employed solvent, are investigated.
In the second part the results will be brought into context and a basic model of
the electrochemical activation reaction will be developed.

186

9.2. The electrochemical activation in organic electrolyte

9.2. The electrochemical activation in organic electrolyte
In order to get a better understanding of the nature of the electrochemical
activation reaction the GOpr materials will be characterized in more detail.
As was shown by Takeuchi et al. [266] the activation reaction could be influenced
by the interlayer distance of the employed carbon. Further experiments on
expanded graphitic mesocarbon microbeads (e-MCMB) [268, 269] confirmed
the influencing nature of the interlayer spacing. In addition it was revealed that
the electrochemical activation is accompanied by a large irreversible expansion.

9.2.1. Influence of the interlayer distance
Following the observations of Takeuchi et al. and Oh et al. the influence of the
interlayer distance of the pristine active electrode material on the activation
reaction was first to be examined. As already observed for the activation
cycles of the GOpr materials using either AN (Figure 7.18) or PC (Figure 7.22)
both the negative (ϕCA ) as well as the positive (ϕAA ) activation potentials are
decreasing with increasing interlayer distance.
Electrochemical evaluation
For a quantitative comparison Figure 9.1 displays the anodical and cathodical
activation potentials of the GOpr as well as the intercalation starting potential of
graphite as a function of the interlayer distance. The anodic activation of GOpr
exhibits a linear decrease in the activation potential with increasing interlayer
distance. From GOpr34 to GOpr44 (∆d001 = 1.08 Å) the decrease in activation
potential is 270 mVÅ−1 using AN and 220 mVÅ−1 employing PC. Comparing
GOpr34 and the precursor graphite reveals that the activation potential of
GOpr34 is 100 mV smaller than the intercalation starting potential of graphite,
in spite of the identical interlayer spacing of 3.35 Å. In addition, also for the
cathodically activated GOpr a decrease in activation potential is observed, which
seems to occur in two steps. In the first step between GOpr34 and GOpr38
(∆d001 = 0.46 Å) the potential decreases by approximately 2220 mVÅ−1 for AN
and 1970 mVÅ−1 utilizing PC. In the second step between GOpr38 and GOpr44
(∆d001 = 0.62 Å) the potential decreases further by 690 mVÅ−1 employing
AN and 520 mVÅ−1 using PC. Further the cathodical activation potential of
GOpr34 is approximately 100 to 200 mV below the intercalation potential of
graphite.
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Figure 9.1: Activation potentials of the anodical (red triangles) and cathodical (blue
diamonds) activation of GOpr as a function of the interlayer distance
employing 1M TEABF4 / AN (filled symbols) and 1M TEABF4 / PC
(open symbols). In addition the intercalation starting potential of graphite
(black symbol) is plotted for the same electrolytes. Adapted from [263].

The observed potential difference between AN and PC based electrolytes
might be caused by co-intercalation of solvent as suggested by Takeuchi et
al. [266]. Another possible explanation might be a partial desolvation of the
ions to fit in-between the graphene-like planes [374]. In this case, the higher
solvation energy of PC [210, 375] would lead to an increased activation potential
to provide the energy for the partial desolvation.
However, the decrease of the potential for the cathodic activation for interlayer
distances between 3.35 and 3.83 Å seems to be exceptionally large. Within
this 0.46 Å increase of interlayer spacing the activation potential decreases by
approximately 2000 mVÅ−1 which is unlikely to be caused only by the increased
interlayer spacing. Taking into account the information from the elemental
analysis (compare Table 7.3), it can be found that GOpr with 3.35 and 3.63 Å
have almost no hydroxyl groups. For GOpr34 the assumed maximum amount
of hydroxyl groups is one per 800 carbon atoms. This adopted value increases
to approximately one hydroxyl group per 270 carbon atoms for GOpr36 and
reaches a ratio of around 1:50 and larger for GOpr ≥ 3.83 Å with one out of
line GOpr43 having only one hydroxyl per 114 carbon atoms but the second
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largest interlayer distance of 4.33 Å (compare Table 7.3). This correlation might
indicate that the presence of hydroxyl groups has an synergetic effect on the
cathodical activation potential.
Nevertheless, the linear fits for interlayer distances above 3.83 Å exhibits a
linear degression for both polarizations, independent of the electrolyte. Hence,
calculating the crossing with the x-axis should reveal the required interlayer
distance for an immediate activation reaction. In case of AN these crossing
points calculate to 8.53 and 5.60 Å for the positive and negative polarization,
respectively. Whereas for PC the values calculate to 10.90 and 6.58 Å for
the positive and negative polarization, respectively. Comparing these values
highlights on the difference between positive and negative activation reaction.
For the two positive polarizations the needed interlayer distance would be in
the range of the solvation shell diameter of BF−
4 (compare subsection 5.3.1),
in order to decrease the activation potential to zero. In contrast, for the
negative polarization already an interlayer spacing smaller than the van der
Waals diameter of TEA+ of 6.72 Å (Table 5.3) seems to be enough. Assuming
the activation potential to be a quantity for the needed energy of the first ion
insertion, these values indicate TEA+ to enter desolvated, whereas BF−
4 seems
to be inserted fully solvated.
Dilatometric evaluation
Following the approach of Oh et al. [268, 269] the electrochemical activation
was also characterized by means of in-situ dilatometry. This technique allows
to study the expansion of the electrode perpendicular to the separator, while
conducting electrochemical characterizations.
The measurements by Oh et al. revealed that the electrochemical activation of
e-MCMB (expanded mesocarbon microbead) is accompanied by a pronounced
irreversible expansion, followed by a reversible swelling and shrinking of the
electrode for subsequent cycles. These findings indicated that during the activation reaction the interlayer spacing got widened and hence allowed an reversible
ion insertion in-between the layers.
In order to verify if GOpr exhibits a similar behavior in-situ dilatometry
was employed to investigate the first ten CVs of both the positive as well as
the negative polarization for GOpr44 and GOpr36, respectively. Thus, both
the expansion behavior of GOpr as well as possible influence of the interlayer distance were analyzed using 1M TEABF4 / AN. For the dilatometric
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Figure 9.2: Dilatometric (top) and electrochemical (bottom) response of the anodically (red) and cathodically (blue) activation cycle of GOpr44 (solid
lines) and GOpr36 (dashed lines),respectively, using 1M TEABF4 / AN
with a sweep rate of 1 mVs−1 .

characterization the parameters were chosen identical to the electrochemical
characterization, with ϕAAV = 1.8 V vs. carbon, ϕACV = 1.5 V vs. carbon
and ϕCAV = ϕCCV = -2.0 V vs. carbon.
Figure 9.2 combines the information for the first cycle, showing the expansion and electrochemical response for the positive and negative polarization of
GOpr44 and GOpr36, respectively. At first sight it is obvious that the activation
reaction and the measured expansion of the GOpr electrodes are linked.
Starting with the anodical activation of GOpr44 reveals a distinct expansion
of the electrode as soon as the current raises to the first activation peak. This
electrode expansion peaks at the back sweep, shortly after the vertex potential
with a relative expansion of ∆hmax = 53%. During the ongoing back sweep the
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expansion slightly decreases and finally remains at an irreversible increase of
∆hir = 39%.
The electrode stretch for the cathodical activation of GOpr44 follows almost the
same trend, however it only reaches a maximum expansion of ∆hmax = 41%
followed by a distinct relaxation of the electrode and hence the irreversible
expansion is only ∆hir = 15%.
For GOpr36 the overall picture slightly changes. The anodical activation GOpr36
shows an even more clear expanse than GOpr44 resulting in ∆hmax = 73%
and ∆hir = 44%. Whereas the cathodical activation expansion behavior as
well as the electrochemical response, changes to graphite like intercalation /
de-intercalation like [376], resulting in ∆hmax = 22% and ∆hir = 4% (compare
Table 9.1).
Overall, the dilatometric characterization revealed that the activation reaction
is accompanied by a clear expansion perpendicular to the separator resulting in
an irreversible height increase of the electrode. Thus, the dilatometry proofs
that the electrochemical activation reaction yields an irreversible modification
of the GOpr. That led to the assumption that an ion insertion in-between the
GOpr layers would result in an observable increase of the layer spacing and
hence the GOpr flakes would stretch-out in Lz direction.
Such an expanse would be measured as an overall electrode expansion which
should be clearly recognizable as soon as the current starts to increase. However,
when taking a closer look there is a slight shift between the potential of the
first current increase and the expansion starting potential (ϕH ). Assuming
the expansion starting potential equals the potential where the expanse has
already reached 1%. In case of the anodically activation of GOpr44 this would be
ϕHAA = 1.23 V vs. carbon. This potential almost equals the anodical activation
potential, with ϕAA = 1.24 V, which is by definition not the potential of the
first current rise but the inflection point of the first current slope. Therefore
the first expansion is measured when the reaction has already started. This
observation is also valid for the negative activation of GOpr44 as well as for
positive and negative activations of GOpr36 (Table 9.2). Therefore it seems
that the beginning of the activation reaction does not equal the beginning of
the detectable electrode expansion.
Continuing with the subsequent cycles, Figure 9.3 shows the dilatometry
and CVs for the charging / discharging behavior of the activated electrodes.
Beside the negative polarization of GOpr36, all activated electrodes showing
the expected rectangular CV shape. The dilatometric response reveals a com-
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Table 9.1: Summary of the relative expansion and activation charge values combined
with the changes in interlayer distance for the anodically and cathodically
activation of GOpr44 and GOpr36, respectively.

Expansion
Charge
∆hmax ∆hir ∆hre ∆q max ∆q ir
κ
[%]
[%] [%] [Cg−1 ] [Cg−1 ] [%/Cg−1 ]
GOpr44
ϕAN
CAV = −2.0 V
ϕAN
AAV = +1.8 V

41
53

15
39

26
8

445
600

125
310

GOpr36
ϕAN
CAV = −2.0 V
ϕAN
AAV = +1.8 V

22
73

4
44

27
12

176
655

17
328

d001
d001 ∆d001
Å
[%]

0.121 / 0.065 6.33 +43
0.236 / 0.023 6.19 +40
0.137
0.167

3.85 +6
6.17 +70

Table 9.2: Summary of the activation potentials and the expansion starting potentials
for GOpr44 and GOpr36, respectively.
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Anode
ϕAN
ϕAN
HAA
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Cathode
ϕAN
ϕAN
HCA
CA
[V vs. carbon]

GOpr44

+1.23

+1.24

-0.86

-0.83

GOpr36

+1.43

+1.43

-1.79

-1.81
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Figure 9.3: Expansion behavior (top) and CV (bottom) of the positive (red) and
negative (blue) polarization of activated GOpr44 (solid lines) and GOpr36
(dashed lines), respectively, employing 1M TEABF4 / AN with a sweep
rate of 1 mVs−1 .

pletely reversible expansion for the electrodes, with a more distinct expansion
for the negative polarization as for the positive. On the one hand the expansion of both negative polarized electrodes reaches a value of approximately
∆hre = 26%. On the other hand the positive polarizations reaches smaller
numbers of ∆hre (GOpr36) = 12% and ∆hre (GOpr44) = 8%, which are by
factor 3 smaller than the negative expansion.
In contrast to GOpr44 the negative polarization of GOpr36 does not exhibit
a continuous expansion / relaxation over the complete potential range, but
could be described with an ion insertion / release like behavior similar to the
expansion of graphite [376].
For further evaluation the relative expansion of the activation cycle is plotted
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Figure 9.4: Comparison of the relative height change during activation as a function
of the electrode charge for the anodically (red) and cathodically (blue)
activation of GOpr44 (solid lines) and GOpr36 (dashed lines), respectively,
employing 1M TEABF4 / AN.

as a function of the specific charge Figure 9.4. The specific charge is used for
this evaluation, since it is proportional to the amount of ions participating in
either the charging or discharging process. Employing this way of illustration
reveals on the one hand an irreversible charge for each activation and on the
other hand different slopes for the activations as well as changes in slope during
activation (compare Table 9.1). Taking the example of the anodically activation
of GOpr44 clearly shows two different reactions during the anodical sweep. The
first reaction exhibit a slope κAA1 = 0.236 %/Cg−1 and hence is responsible
for most of the expansion. Further the slope of the second reaction is only
κAA2 = 0.023 %/Cg−1 , which is by factor ten smaller and thus is mainly charge
consuming. A similar observation can also be gained for the negative activation
of GOpr44 resulting in the two different slopes of κCA1 = 0.121 %/Cg−1 and
κCA2 = 0.065 %/Cg−1 . These values in combination with the more distinct
expansion for the positive than the negaitve polarization gives a stong indication
that the two activation reactions have a different reaction mechanism and hence
depend on the polarization.
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Figure 9.5: X-ray diffractograms comparing both the anodically (red) and cathodically (blue) activated electrodes after electrochemistry with the pristine
electrodes of GOpr44 (top) and GOpr36 (bottom), respectively.

After the electrochemical characterization the dilatometry cell was disassembled and each electrode was washed in a Soxhlet reactor with AN to remove
residual electrolyte [312]. The cleaned electrodes were then examined by XRD.
Figure 9.5 shows the XRD spectra of the pristine GOpr44 and GOpr36 electrodes compared to the activated ones. All spectra were normalized to the
intensity of the PTFE signal, as it should have remained unmodified within
the chosen potential range. Comparing the electrochemical activated electrodes
with the pristine electrodes, the first obvious change is the disappearance of
the original d001 feature, beside for the negative activated GOpr36 were it got
slightly shifted and broadened. However, for the other distinct. In case of the
anodically activated GOpr the new interlayer distances can be calculated to
6.19 Å and 6.17 Å for GOpr44 and GOpr36, respectively (Table 9.1). Hence,
the result of the anodical activation is in both cases a new interlayer distance of
approximately 6.2 Å, independent on the initial interlayer distance. This might
explain why both GOpr36 and GOpr44 exhibit almost the same performance
after electrochemical activation.
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Conclusions on the influence of the interlayer distance
The investigation of GOpr with different interlayer distances revealed:
• The activation potential of GOpr is influenced by the interlayer distance;
• With increasing interlayer spacing the activation potential is decreased
and this effect is more distinct for the negative polarization;
• Dilatometry proofs a large irreversible electrode expansion due to the activation reaction and hence indicates ion insertion in-between the graphene
like layers;
• The combination of dilatometry and XRD revealed that the anodically
activation yielded a similar performance as well as almost the same new
interlayer spacing, independent on the initial interlayer distance of the
GOpr;
• For the cathodically activation the combined information of dilatometry
and XRD revealed that the success of the activation reaction is strongly
dependent on the initial interlayer distance of the GOpr.
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9.2.2. Influence of the solvent
The investigation of the electrochemical activation reaction for different interlayer distances revealed that the solvent, which was either AN or PC, had a
direct effect on the activation potential. Hence, the influence of the solvent on
the activation reaction was studied next. In order to first eliminate all effects of
the solvent, GOpr was characterized by using the ionic liquid EMIMBF4 . By
employing two different types of GOpr with interlayer distances of 3.9 and 4.4 Å,
respectively, it is possible to investigate the effect of the ionic liquid on the
electrochemical activation reaction as well as the achievable specific capacitance.
In addition, the effect of the common organic solvents like AN and PC were
probed by diluting the ionic liquid and hence investigate different molarities of
either EMIMBF4 / AN or EMIMBF4 / PC.

Solvent free characterization using the ionic liquid EMIMBF4
The electrochemical response of graphite (SFG6), GOpr39 and GOpr44 was
characterized employing the ionic liquid EMIMBF4 . For each material the
negative and the positive electrode was measured separately, using the following parameters for the negative polarization ϕCAV = -2.0 V vs. carbon
and ϕCCV = -1.7 V vs. carbon as well as ϕAAV = +2.0 V vs. carbon and
ϕACV = +1.5 V vs. carbon for the positive polarization. Figure 9.6 summarizes the results of the activation cycle and the first subsequent cycle of the
investigated materials including both polarizations.
Starting with the precursor graphite one can see a typical intercalation deintercalation reaction for ions [244, 314]. It is obvious that the intercalation
of EMIM+ starts well above -2.0 V vs. carbon and is more distinct as the
intercalation of BF−
4 at approximately 1.9 V vs. carbon.
For GOpr a slightly different behavior can be observed. At the beginning of
the first polarization sweep the current response is negligible small independent of the interlayer distances and the polarization. This negligible current
correlates to the expected small double layer capacitance due to the combined
SSA of GOpr in the range of 15 m2 g−1 (compare Table 7.1) and SuperP of
approximately 62 m2 g−1 (Table 4.3). However, GOpr39 and GOpr44 showing an electrochemical activation reaction at less negative potentials as the
intercalation potential of graphite. After the activation, at least parts of the
layered graphene network are accessible for ion insertion which is shown by the
distorted rectangular shape of the subsequent CV cycle, suggesting an additional
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Figure 9.6: First (dashed line) and second (solid line) CV for the positive (red) and
the negative (blue) polarization of graphite (SFG6), GOpr39 and GOpr44,
respectively, using the ionic liquid EMIMBF4 at a sweep rate of 1 mVs−1 .
Adapted from [233].
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double layer charging process. This electrochemical activation reaction is also
observed for the positive polarization indicated by a current increase close to
the intercalation potential of graphite. After the anodic activation the system
is again partially open for double layer charging.
Beside these minor differences the experiment showed that a rudimentary electrochemical activation of GOpr can be achieved by ions only, which was suggested
already by Ruch et al. [261] describing the electrochemical activation reaction
as an irreversible insertion of ions. However, the two activated GOpr exhibit
a smaller specific capacitance compared to GOpr activated in the standard
electrolytes 1M TEABF4 / AN or PC indicating a beneficial effect of the solvent.

Variation of the solvent concentration - using EMIMBF4 / AN
The influence of AN on the activation of GOpr was tested on both, GOpr39
and GOpr44, respectively. Using the example of GOpr44, Figure 9.7 collects
the first two CVs of the positive and negative polarization, each showing an
electrochemical activation process within the first polarization sweep. Comparing the different compositions of the electrolyte reveals a strong influence of
the solvent on the activation reaction. The absolute values of the activation
potential becomes smaller and the reaction gets more distinct upon increasing
the amount of solvent. This trend is observable for both the positive (anodic)
as well as the negative (cathodic) activation reaction. The shape changes of the
CVs indicates a more distinct irreversible activation reaction with increasing
amount of solvent. Especially the formation of a well-marked current peak
around -1.0 and +1.7 V vs. carbon for molarities smaller than 5.2M EMIMBF4
/ AN (χIL ≤0.56) is a strong indication that this particular reaction involves
acetonitrile.
A similar reduction in activation potential and change in activation reaction
was also observed for the characterization of GOpr with different interlayer
distances in 1M TEABF4 / AN (compare Figure 7.18). In case of the variation of the interlayer distance the observed changes in activation potential
and reaction were assigned to the increasing interlayer distance of GOpr from
3.4 to 4.4 Å which includes a change in composition from C8 O0.47 (OH)0.08 to
C8 O1.13 (OH)0.33 (compare Table 7.3 and Figure 9.1). However, the shown data
in Figure 9.7 result from a fixed interlayer distance of either 3.9 or 4.4 Å but
still exhibit the same trend with increasing amount of solvent. This observation
seems to be counter intuitive, since highly concentrated EMIMBF4 / AN is
expected to have only partially solvated ions and hence the insertion of ions
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Figure 9.7: Activation and first subsequent cycle for the positive (red) and negative
(blue) polarization of GOpr44 using different mole fractions (χIL ) of AN
in EMIMBF4 with a sweep rate of 1 mVs−1 . Adapted from [233].
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Figure 9.8: Anodically (red triangles) and cathodically (blue diamonds) activation
potentials as function of the molarity of EMIMBF4 / AN for GOpr39
(open symbols) and GOpr44 (filled symbols), respectively. Adapted from
[233]

between the graphene layers should be less energy demanding. However, even
co-intercalation of solvent into graphite [244] does not lead to a major increase
of intercalation potential. Hence, a possible synergetic effect of the solvent on
the electrochemical activation might be more dominant as the hindering effect
when inserting solvated ions.
Figure 9.8 reveals the change in activation potential for GOpr44 and GOpr39
as a function of the electrolyte concentration, according to Table 5.7. For
GOpr39 (open symbols) a decrease in activation potential is observed by decreasing the molarity of EMIMBF4 / AN from 6.48 M (pure ionic liquid) below
5.24 M. For the anodical activation potential a decrease of approximately 350 mV
is envisaged whereas for the cathodical activation potential is decreased by
roughly 100 mV. A similar behavior wass found for GOpr44 (filled symbols) with
a decrease of 630 mV and 360 mV for the anodic and the cathodic activation
potential, respectively.
Comparing these activation potentials with the starting potential of intercalation of pure EMIMBF4 in graphite (Figure 9.6) of approximately +1.88 and
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-1.91 V vs. carbon, respectively, reveals a strong effect of the solvent facilitating
the insertion process. Even though graphite has a smaller interlayer distance
than both GOpr39 and GOpr44 the insertion of BF−
4 ions is possible at a
lower potential than for the two not activated GOprs. However, by diluting
the ionic liquid with AN and thus forming at least a partial solvation shell on
the BF−
4 ions the activation potential of GOpr drops below the intercalation
potential of graphite. A possible explanation for this observation might be
the partially negatively charged nature of GOpr [123] generating a barrier for
similarly charged ions and therefore the need for a larger over potential. This
partially negative charge of GOpr is mainly caused by the hydroxide groups
[377] and hence, it is obvious that the resulting charge barrier is more clear for
GOpr44. An addition of solvent and thus formation of solvation shell might help
to screen the partially negative charge of the GOpr and therefore to reduce the
potential needed for ion insertion. Further dilution of the ionic liquid reduces
the activation potential further to approximately 1M EMIMBF4 / AN reaches
almost the same activation potential as 1M TEABF4 / AN.
The influence of the solvent on the negative polarization indicates a slightly
different behavior. The negative activation potentials of GOpr using EMIMBF4
are more than 500 mV less negative than the intercalation starting potential
for EMIM+ in graphite. This smaller overpotential might be related to the
increased interlayer distance as well as a synergetic effect from the partial
negative charge of GOpr. Again, this effect is more clear for GOpr44, which
has the largest interlayer distance as well as the largest amount of hydroxide
groups (Table 7.3).
Further diluting the ionic liquid causes slightly different changes in the activation potential of the two GOpr. On the one hand for GOpr39 there is almost
no observable effect on the activation potential no matter how diluted the
electrolyte is. On the other hand GOpr44 exhibits a small further decrease in
activation potential when decreasing the molarity of EMIMBF4 .
Combining these observations it stands to be reason to suppose that AN has a
positive impact on the anodically activation reaction, but only a minor influence
on the cathodically one. In addition the functional surface groups of the GOpr
layers seems to have a major influence on the activation potential.
Further the effect on the capacitive performance of GOpr was also investigated. The positively and negatively polarized CVs measured after activation
of GOpr44 are summarized in Figure 9.7, too. With decreasing molarity of
EMIMBF4 (increased dilution with AN) a larger specific capacitance develops.
This effect is more distinct for the negative polarization where the shape of the
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Figure 9.9: Specific capacitance of both positive (red triangles) and negative (blue
diamonds) polarized GOpr39 (open symbols) and GOpr44 (filled symbols),
respectively. The values are calculated from galvanostatic discharge at
0.1 Ag−1 and are plotted as a function of the molarity of EMIMBF4 /
AN. Adapted from [233].

CV changes from a distorted ellipsoid (1.00 ≥ χIL ≥0.69) to a more rectangular
like shape (χIL ≤0.56). For the positive polarization no further improvement
was monitored by already χIL ≤ 0.69. For both polarizations the best performance is achieved for χIL ≤0.56. The observed improvement in specific
capacitance might be correlated to the more distinct activation reaction within
the first cycle and therefore seems to evidence that the solvent is needed for an
effective activation of GOpr. This is also indirectly verified by experiments of
Lust et al. [378] who did not see any enhancing effect on the specific capacitance
when employing slightly AN diluted EMIMBF4 with microporous carbon cloth.
Hence, the solvent does not seem to influence the double layer formation but it
can influence the outcome of the activation reaction.
The increased rectangular shape of the CV cycles can be explained with conductivity enhancements of the electrolyte when diluting the pure EMIMBF4
with acetonitrile. For a mole fraction χIL of approximately 0.6 the conductivity
has improved already by a factor of two compared to the bulk ionic liquid
[228]. The best conductivity is reached for mole fractions between 0.1 and 0.3
where the conductivity is improved by factor four. However, as the displayed
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CVs in Figure 5a were taken with a slow sweep rate of 1 mVs−1 this further
improvement is not visible.
Besides the influence of the solvent on the effectiveness of the activation
reaction and the conductivity enhancement it is also interesting to evaluate
the effect of the decreasing molarity of ions within the electrolyte. In case of
intercalation-like electrodes the ion concentration may have an influence on the
overall reachable specific capacitance [338].
Figure 9.9 visualizes the specific capacitances for the different molarities of
EMIMBF4 / AN (comapre Table 5.7), which are calculated from galvanostatic
discharge measurements at 0.1 Ag−1 . If a decreased molarity and thus a lack of
ions results in a decreasing specific capacitance, the plotted specific capacitances
as a function of the molarity should show a maximum. However, for both
the GOpr39 (open symbols) and the GOpr44 (filled symbols) no maximum is
observed.
For the bulk ionic liquid the reached specific capacitance values are below
100 Fg−1 . By adding small amounts of AN these values more than double and
reach a stable value for molarities smaller than 5.2 M EMIMBF4 / AN. For
molarities between 0.9 and 5.2 M EMIMBF4 / AN the specific capacitances of
GOpr44 and GOpr39 are similar with approximately 180 ± 10 Fg−1 . Therefore
even an ion concentration of 0.9 M seems to be enough to reach the maximum
achievable specific capacitance. This observation is in line with literature which
predicts a decrease in specific capacitance only for ion concentrations below
0.2 M [338].

Variation of the solvent concentration - using EMIMBF4 / PC
In addition to AN also the possible influence of PC on the electrochemical activation reaction and the achievable specific capacitance of GOpr was investigated.
For this purpose the ionic liquid EMIMBF4 was diluted with PC. However, in
contrast to AN there is no publication available to calculate the molarity from
the mole fraction and hence the latter is used to describe the grade of dilution
of EMIMBF4 with PC.
Using again the example of GOpr44, Figure 9.10 summarizes the activation
and the subsequent electrode cycle for both polarizations. From the activation
cycle it can be seen that minor addition of PC has almost no influence on
the negative activation, whereas for the positive activation a slight decrease in
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Figure 9.10: Activation and first subsequent cycle for the positive (red) and negative
(blue) polarization of GOpr44 using different mole fractions (χIL ) of
PC in EMIMBF4 with a sweep rate of 1 mVs−1 .

activation potential could be observed. For the highly diluted EMIMBF4 with
a mole fraction of 0.08 (comparable to 1M EMIMBF4 / PC), the activation
reaction looks similar to the activation reaction of 1M TEABF4 / PC (compare
Figure 7.21) and the observed activation potentials are reduced compared to
pure ionic liquid. Taking also into account the resulting cycling behavior for
the subsequent cycles, it is evident that a minor addition of PC has also no
influence on the capacitive performance. However, the highly diluted EMIMBF4
in PC shows an improved performance with a specific capacitance comparable
to 1M TEABF4 / PC (compare Figure 7.23).
For a further evaluation the calculated activation potentials as a function
of the mole fraction is plotted for both GOpr39 and GOpr44, respectively
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Figure 9.11: Anodically (red triangles) and cathodically (blue diamonds) activation
potentials as function of the mole fraction (χIL ) of PC in EMIMBF4
for GOpr39 (open symbols) and GOpr44 (filled symbols), respectively.

(Figure 9.11). It is obvious that the solvent has an influence on the anodical
activation potential, but almost no impact on the cathodical one. Compared
to pure EMIMBF4 the diluted one with χIL = 0.08 has a reduced anodical
activation potential by 300 and 500 mV for GOpr39 and GOpr44, respectively.
Again, it seems that the GOpr with the largest interlayer distance but also
highest amount of hydroxide groups benefits most from the dilution with solvent.
In contrast to the anodical activation potential the cathodical one does not
seem to benefit from the solvent. Only when comparing the pure ionic liquid
with the most diluted one (χIL = 0.08) there is a minor decrease in activation
potential recognizable, but only for GOpr44.
This observed trend also proceeds when evaluating the reached specific capacitance calculated from GSC at 0.1 Ag−1 as a function of the mole fraction
(Figure 9.12). Compared to the values of pure ionic liquid only the positive
polarization benefits from the dilution, resulting in specific capacitance values
increased up to factor four. For the negative polarization only a minor improvement by approximately 50% could be observed in case of GOpr44.
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Figure 9.12: Specific capacitance of positive (red triangles) and negative polarized
(blue diamonds) GOpr39 (open symbols) and GOpr44 (filled symbols),
respectively. The values are calculated from discharge of GSC at
0.1 Ag−1 and are plotted as a function of the mole fraction (χIL )
of PC in EMIMBF4 .

Dilatometric response using different solvents, TEABF4 in either AN or PC
The dilution of EMIMBF4 by either AN or PC revealed a strong effect of the
solvent on the activation reaction. In order to gain a deeper insight dilatometry
is employed to compare the expansion behavior during activation using either
1M TEABF4 / AN or 1M TEABF4 / PC. For a better comparison the employed
PC
activation vertex potentials of the CVs are equalized to: ϕAN
CAV = ϕCAV = -2.0 V
AN
PC
vs. carbon and ϕAAV = ϕAAV = +2.0 V vs. carbon.
The electrode expansion response and the CVs of the activation cycles are summarized in Figure 9.13. Comparing the dimension changes during the activation
sweep reveals a similar behavior of both polarizations of PC and the positive
polarization of AN. These three measurements are showing a large thickness
variation during the activation sweep, followed by a minor relaxation on the
discharge sweep. The irreversible expansion is between 40-50% (Table 9.3).
Comparing the electrochemical response during activation reveals a slightly
diverse picture. Beside the shifts of the activation potential to larger absolute
values when employing PC, also the shape is changed. On the one hand both
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Figure 9.13: Dilatometric (top) and electrochemical (bottom) response of the anodically (red) and cathodically (blue) activation cycle of GOpr44 employing
1M TEABF4 / AN (solid lines) and 1M TEABF4 / PC (dashed lines),
respectively, with a sweep rate of 1 mVs−1 .

negative polarizations exhibit one distinct activation current peak within the
activation sweep. On the other hand the positive polarization using PC shows
a different current response if compared to the measurement employing AN
(compare also Figure 7.18 and Figure 7.22). For the positive activation in
PC there is no distinct activation peak detectable, but somehow the current is
reaching a plateau. Also a second reaction, like the one in the positive activation
using AN, is not visible if employing PC.
The dilatometric and electrochemical response for the activated electrodes is
compared in Figure 9.14. The dimensional behavior observed for both polarizations using PC is comparable to the positive polarization of AN. Comparing
the negative electrodes reveals a small reversible expansion when employing
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Figure 9.14: Expansion behavior (top) and CV (bottom) of the positive (red) and
negative (blue) polarization of activated GOpr44 using 1M TEABF4
/ AN (solid lines) and 1M TEABF4 / PC (dashed lines), respectively,
with a sweep rate of 1 mVs−1 .

PC, which is less than half the one of using AN, even though both achieve
approximately the same specific capacitance. For the positive electrodes it is
the other way round, with PC exhibiting both a smaller specific capacitance as
well as a larger expansion.
Figure 9.15 collects the data of the activation of the electrodes by plotting the relative dimension changes during activation as a function of specific
charge. Comparing the negative activations reveals an increased slope for PC
C
−1
−1
(κP
) compared to AN (κAN
). In addition
CA = 0.214 %/Cg
CA = 0.121 %/Cg
the slope in PC changes for the discharge, whereas it is approximately the same
for the discharge in AN. For the positive activation the observed slopes are apC
−1
−1
proximately the same, with κP
≈ κAN
), for
AA = 0.221 %/Cg
AA = 0.224 %/Cg
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Figure 9.15: Comparison of the relative height change during activation as a function
of the electrode charge for the anodically (red) and cathodically (blue)
activation of GOpr44 employing 1M TEABF4 / AN (solid lines) and
1M TEABF4 / PC (dashed lines), respectively.

an activation charge below 300 Cg−1 . For an activation charge above 300 Cg−1
the slope in AN changes and is decreased by factor ten, indicating a charge
consuming reaction which does not result in a further electrode enlargment.
The XRD characterization of the activated electrodes (Figure 9.16) reveals
that all activated electrodes lost their original d001 feature from the pristine
electrode. After activation all four electrodes exhibit a new d001 feature, indicating an orderly layered structure with an increased interlayer distance.
The new d001 values and the expansion values for the compared electrodes
are summarized in Table 9.3. Even though comparing the values does not
reveal a clear trend it is obvious that the electrolyte solvent has a big effect on
the activation reaction and hence, it might be as well the reagent of the reaction.

Conclusions on the influence of the solvent
Combining the information gained by the characterization of GOpr in ionic
liquid and diluted ionic liquid with the dilatometric evalatuion using either an
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Figure 9.16: X-ray diffractograms comparing both the anodically (red) and cathodically (blue) activated electrodes after electrochemistry with the pristine
electrode of GOpr44.

AN or PC based electroyltes, revealed a stong influence of the solvent on the
activation reaction:
• A rudimentary activation of GOpr is possible with EMIMBF4 ;
• Diluting EMIMBF4 with solvent decreases the activation potential and
enhances the activation reaction; this effect is more clear for the positive
polarization;
• Dilatometry and XRD reveals two different activation reactions when
employing either AN or PC and therefore it is obvious that the solvent is
supposed to be participating in the reaction.
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Table 9.3: Summary of the relative expansion and activation charge values combined
with the changes in interlayer distance for the anodically and cathodically
activation of GOpr44 using 1M TEABF4 / AN and 1M TEABF4 / PC,
respectively.

GOpr44

Expansion
Charge
∆hmax ∆hir ∆hre ∆q max ∆q ir
κ
[%]
[%] [%] [Cg−1 ] [Cg−1 ] [%/Cg−1 ]

ϕAN
CAV = −2.0 V
ϕAN
AAV = +2.0 V

41
63

15
53

26
5

445
1062

125
733

C = −2.0 V
ϕPCAV
C = +2.0 V
ϕPAAV

62
48

44
38

10
7

409
285

76
70

d001
d001 ∆d001
Å
[%]

0.121 / 0.065 6.33 +43
0.224 / 0.022 6.45 +46
0.214
0.221

7.24 +63
5.05 +140

9.2.3. Influence of the activation vertex potential
The two previous sections identified the interlayer distance and the solvent as
influencing parameters on the activation reaction. In addition they revealed
the activation vertex potential as a third influencing factor. Comparing the
dilatometric results from the anodical activations in AN, in particular the
activation vertex potential of +1.8 V vs. carbon (Table 9.1) with +2.0 V vs.
carbon (Table 9.3), reveals a different expansion behavior as well as different
interlayer distances after activation of 6.19 and 6.45 Å, respectively.
Increase of the anodically vertex potential
In order to analyze if the activation vertex potential has an influence on the
success of the activation reaction, a series of measurements was performed using
GOpr44 in 1M TEABF4 / AN. Within these series ϕAAV was set to: 1.40, 1.50,
1.60, 1.70, 1.75, 1.80, 1,85 V vs. carbon. The resulting CVs of the activation
cycles are collected in Figure 9.17. Regarding the first activation peak the 7
CVs fit almost perfectly on top of each other. With increasing vertex potential
the current is again raising for ϕAN
AAV > 1.60 V vs. carbon, indicating a second
reaction. Hence, with increasing activation vertex potential a second Faradaic
reaction emerge with an exponentially increasing current.
On the back sweep each of the activated GOpr44 exhibits a double layer like
discharging, verifying a successful activation of the material. However, when
reaching 0 V vs. carbon it can be observed that the current response of the
activated GOpr44 increases from 107 Fg−1 for ϕAN
AAV = 1.4 V vs. carbon up to
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Figure 9.17: CVs of the activation cycle of GOpr44 with increasing activation vertex
potential, from 1.40 to 1.85 V vs. carbon, employing 1M TEABF4 /
AN with a sweep rate of 1 mVs−1 .

∗
334 Fg−1 for ϕAN
AAV = 1.85 V vs. carbon (compare C in Table 9.4). This might
indicate that an increased activation vertex potential results in an increased
specific capacitance for the activated GOpr.

In order to proof this assumption the specific capacitances of the subsequent
cycles were calculated according to Equation 6.14 and plotted as a function
of the activation vertex potential (Figure 9.18). It has to be noted that the
subsequent cycles of ϕAN
AAV = 1.4 V vs. carbon were also cycled to 1.4 V vs.
carbon, whereas the subsequent cycles of the rest had vertex potential of 1.5 V
vs. carbon.
Starting with a relative small specific capacitance of 123 Fg−1 for ϕAN
AAV = 1.4 V
vs. carbon, the achieved value makes a jump to 155 Fg−1 for ϕAN
AAV = 1.5 V
vs. carbon, followed by a broader increase. For ϕAN
AAV ≥ 1.75 V vs. carbon
somehow the maximum seems to be reached as there is no further increase
detectable. Hence, the specific capacitance peaks at a value of approximately
185 Fg−1 (Table 9.4).
The first jump in specific capacitance observed for the increases in activation
vertex potential of 1.4 to 1.5 V vs. carbon, might be explained with the increase
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Table 9.4: Collection of charge and specific capacitance values of GOpr44 with different anodical activation vertex potentials, employing 1M TEABF4 /
AN.

ϕAN
[V vs. carbon]
AAV

1.40

1.50

1.60

1.70

1.75

1.80

1.85

∆q max [Cg−1 ]
∆q ir [Cg−1 ]

197
26

289
67

367
121

589
311

716
419

1016
715

1346
1037

C∗
Cre

107
123

143
155

176
161

224
169

271
182

309
184

334
187

[Fg−1 ]
[Fg−1 ]

of vertex potential of the subsequent cycles. However, for the further increase
there is no straight forward explanation if assuming the second Faradaic reaction is only based on a decomposition of electrolyte [311, 323]. Therefore the
observed increase of 20% in specific capacitance if increasing the vertex potential
might be caused by a subsequent activation reaction which is superinposed by
the decomposition current of the electrolyte and hence not visible as distinct
oxidation reaction.
Overall it seems that the most yielding activation needs to exceed a certain
anodical potential and that the consumed irreversible charge might be an indicator for the successful activation.

Dilatometric response
In addition to the electrochemical characterization also a dilatometric study of
the effect of the activation vertex potential was done. The experiments were
performed with GOpr44 using 1M TEABF4 /AN with a sweep rate of 1 mVs−1 .
Within this experimental series the anodical activation vertex potential was
stepwise increased from 1.4 to 2.0 V vs. carbon. For comparison also a negative
activation with a vertex potential of -2.0 V vs. carbon was done. For the negative polarization no variation in activation vertex potential was conducted. This
has two reasons, the first one is that there is no further change in the current
response within the employed potential window, after passing the cathodically
activation peak. The second reason is, that a further decrease in potential is
not possible without decomposing PTFE. The decomposition of PTFE starts
at approximately -2.1 V vs. carbon [311, 313] and hence the current response
as well as the dilatometric response would be dominated by this reaction.
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Figure 9.18: Specific capacitance of GOpr44 as a function of the activation vertex
potential. The values were calculated from CVs with a vertex potential
of 1.5 V vs. carbon using 1M TEABF4 / AN and a sweep rate of 1
mVs−1 .

Figure 9.19 shows the dilatometric and voltametric response of the activation
sweep for the negative polarization with ϕCAV = -2.0 vs. carbon and for the
positive polarization with ϕAAV to be either 1.5, 1.8 or 2.0 V vs. carbon. These
activation vertex potentials are used as an example for all the series and will
be referred as CAV20, AAV15, AAV18 and AAV20, respectively, in the following.
The activation of AAV15, having the smallest vertex potential, shows the
expected activation behavior of GOpr, with a current increase resulting in one
current peak. The respective dilatometric response is an expansion with a
constant slope till the vertex potential is reached. At this point the dimensional
change of the electrode perpendicular to the separator is approximately 39%.
On the back sweep the expanded electrode starts to shrink, but an increase in
thickness of 12% remains even after reaching the open circuit potential. This
decrease in expansion goes along with a capacitor like discharge behavior seen
in the CV.
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Figure 9.19: Dilatometric (top) and electrochemical (bottom) response of the anodically (red) and cathodically (blue) activation cycle of GOpr44, with
increasing anodically activation vertex potential (1.5, 1.8 and 2.0 V vs.
carbon), using 1M TEABF4 / AN with a sweep rate of 1 mVs−1 .

By increasing the vertex potential within the activation sweep, AAV18 and
AAV20, a slight modification in this behavior is observed. In the CVs a second
increase in current is observed for potentials above 1.5 V vs. carbon. This current increase comes along with a further electrode expansion, having a slightly
decreased slope. On the discharge, however, the observed relaxation is much
smaller compared to the AAV15 activation, leading to an increased irreversible
dimension change of up to 53% (Table 9.5).
As already described, the negative activation exhibits a diverse expansion response. Simultaneously with the activation current the electrode height increases
with a slope comparable to the positive activation. But for potentials beyond
the activation current peak, the slope decreases.
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Figure 9.20: Expansion behavior (top) and CV (bottom) of the positive (red) and
negative (blue) polarization of activated GOpr44, with different anodical
activation potentials of 1.5, 1.8 and 2.0 V vs. carbon, employing 1M
TEABF4 / AN with a sweep rate of 1 mVs−1 .

Figure 9.20 displays the dilatometry and CV for the charging / discharging
behavior of the subsequent cycles after activation. All activated electrodes are
showing a nice rectangular shaped CV, indicating a double layer like charging behavior. The expansion of the electrodes is completely reversible and
the expansion values between 19% for ϕAN
AAV = 1.4 V vs. carbon to 5% for
ϕAN
AAV = 2.0 V vs. carbon, indicating an ion insertion and release due to charge
and discharge, respectively. It can be seen that with increasing acitvation vertex
potential the reversible swelling of the electrode decreases by factor three. The
measured 5% reversible expansion of GOpr44 activated with ϕAN
AAV = 2.0 V vs.
carbon is in the same range as high surface area graphite showing approximately
5% expansion [259].
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Figure 9.21: Comparison of the relative height change during activation as a function
of the electrode charge for the anodically (red) and cathodically (blue)
activation of GOpr44, with anodically activation vertex potentials of
1.5, 1.8 and 2.0 V vs. carbon, employing 1M TEABF4 / AN.

These results are in contrast to the reversible expansion of the negative
electrode which reaches a value of approximately 26%. This discrepancy by a
factor up to five cannot be explained by the size of the ions (compare Table 5.3)
and hence it’s again a strong indication that anodical and cathodical activation
are based on two different reaction mechanisms.
For a further evaluation the relative expansion during the activation sweep is
plotted as a function of the specific charge (Figure 9.21). This plot illustrates
the electrochemical activation for CAV20 and AAV15 as reaction with constant
electrode expansion with increasing charge and a constant relaxation during
discharge. At the end of the activation cycle both, CAV20 and AAV15, showing
only a small irreversible expansion combined with a small irreversible current.
However, the slope of AAV15 is with 0.215 %/Cg−1 almost twice the value of
CAV20 with only 0.121 %/Cg−1 and therefore besides all similarities are based
on different reactions.
AAV18 and AAV20 reveals that both showing two distinct reactions, the first
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Figure 9.22: X-ray diffractograms comparing both the anodically (red) and cathodically (blue) activated electrodes after electrochemistry with the pristine
electrode of GOpr44.

one having a slope of approximately 0.23 %/Cg−1 and a second one having
a larger charge consumption accompanied by a moderate expansion resulting
in a slope of 0.022 %/Cg−1 . At the end of the first cycle both, AAV18 and
AAV20, are exhibiting an increased irreversible swelling and irreversible charge
compared to AAV15. As already shown for the electrochemical characterization
(Table 9.4), this irreversible charge increases with increasing activation vertex
potential.
Figure 9.22 summarizes the XRD spectra of the pristine GOpr44 electrode
compared to the activated electrodes. Comparing the electrochemical activated
electrodes with the pristine one the first obvious change is the disappearance of
the original d001 feature. However, for all three positively activated electrodes
new d001 features with smaller angles appear, showing an increasing interlayer
distance for increased activation vertex potentials. On the contrary the negative
electrode only shows a very broad and week new feature, which might be related
to a new interlayer distance but with weak stacking order.
Table 9.5 collects the expansion, charge and interlayer distance values for
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Table 9.5: Summary of the relative expansion and activation charge values combined
with the changes in interlayer distance for the anodically and cathodically
activation of GOpr44 using different anodical activation vertex potentials.

Expansion
Charge
∆hmax ∆hir ∆hre ∆q max ∆q ir
κ
[%]
[%] [%] [Cg−1 ] [Cg−1 ] [%/Cg−1 ]

GOpr44

d001
d001 ∆d001
Å
[%]

ϕAN
CAV = −2.0 V

41

15

26

445

125

0.121 / 0.065 6.33 +43

ϕAN
AAV = +1.4
ϕAN
AAV = +1.5
ϕAN
AAV = +1.6
ϕAN
AAV = +1.7
ϕAN
AAV = +1.8
ϕAN
AAV = +1.9
ϕAN
AAV = +2.0

31
39
41
45
53
61
63

8
12
20
27
39
51
53

19
19
15
10
8
5
5

199
266
341
447
600
693
1062

8
38
88
171
310
426
733

0.213
0.215
0.203
0.210 / 0.019
0.236 / 0.023
0.261 / 0.022
0.224 / 0.022

V
V
V
V
V
V
V

5.34
5.65
6.02
6.19
6.27
6.45

+21
+28
+36
+40
+42
+46

all electrodes measured within these series. These values illustrating again the
trend of increasing irreversible expansion with increased vertex potential and
the decrease of reversible expansion during charge / discharge of the activated
electrodes.
Further on, a comparison of these values reveals a correlation between the
relative irreversible expansion and the relative change in interlayer distance.
Thus it can be concluded that the irreversible expansion for positively activated
electrodes using TEABF4 / AN is mainly due to an irreversible increase in lz
direction of the GOpr44 flakes.
Conclusions on the impact of the anodical activation vertex potential
Combining both, the information of the electrochemical characterization with
the dilatometric study on the effect of an increasing anodical activation vertex
potentials revealed:
• Increasing the activation vertex potential leads to a second Faradaic
reaction;
• An increased activation vertex potential yields an increased specific capacitance;
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• Both the irreversible expansion and charge are caused due to the activation
increases with increasing activation vertex potential;
• The reversible swelling of the electrode decreases with increasing activation
vertex potential;
• With increasing activation vertex potential also the resulting new interlayer
distance increases.
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Figure 9.23: GSC of the first polarization of GOpr43 with a time controlled cut-off
criteria using 1 M TEABF4 / AN and a specific current of 0.1 Ag−1 .
During activation a charge between 380 and 3600 Cg−1 was applied.

9.2.4. Influence of the irreversible activation charge
The variation of the anodical activation vertex potential of GOpr44 impressively
revealed the adjustability of the specific capacitance via the activation vertex
potential. However, these experimental series could not clearly identify the
mechanism, whether the increase in specific capacitance is controlled by the set
activation vertex potential or by the irreversible charge during activation.
Therefore a more dedicated experimental series was performed to investigate the
effect of the activation charge. The variation in activation charge was achieved
by GSC for activation of GOpr43 using 0.1 Ag−1 in 1M TEABF4 /AN and a
time dependent cut-off criteria. Due to this cut-off criteria it was possible to
control the amount of charge applied during the first polarization.
Figure 9.23 displays the first GSC charge and discharge for activation charges
of: 380, 500, 1000, 2000 and 3600 Cg−1 . In the beginning, as soon as the
specific current of 0.1 Ag−1 is applied, the potential jumps to the potential of
the activation reaction, ϕAA = 1.18 V vs. carbon. For the next 100 Cg−1 the
potential stays almost constant and thus is forming the potential plateau of the
activation reaction. Afterwards, the potential slowly rises again, till it reaches
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Figure 9.24: GSC of the first polarization of GOpr44 (solid red) and GOpr43 (dashed
black) using 1M TEABF4 / AN and a specific current of 0.01 and 0.1
Ag−1 , respectively. During activation approximately 1000 Cg−1 were
applied on the electrodes but the GOpr44 was set to not exceed the
potential of 1.4 V vs. carbon.

a second plateau for an applied charge of 1000 Cg−1 . This second potential
plateau marks a subsequent reaction which seems to run infinite and hence
might be related to the decomposition reaction of the electrolyte. The maximum potential which is reached during this second reaction is approximately
ϕmax = 1.62 V vs. carbon.
While discharging all of the activated GOpr43 exhibits a continuous slope without any plateaus, indicating a double layer like discharge.
As in general decomposition reaction are not desirable the experimental series
were extended by an additional measurement controlling both the charge and
the maximum potential. This was achieved by charging GOpr44 with 0.01 Ag−1
employing 1M TEABF4 / AN and using a potential hold period of 10 hours
when the electrode reached the cut off potential of ϕmax = 1.40 V vs. carbon.
During the potential hold period, a small trickle charge was applied in order to
keep the potential and hence the electrode consumed further charge.
Figure 9.24 compares this additional measurement with GOpr43 activated with
1000 Cg−1 . In contrast to GOpr43 the measurement of GOpr44 displays a by
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Table 9.6: Collection of irreversible activation charge, maximum activation potential
and reversible specific capacitance for GOpr43 / GOpr44 for different
applied charges during the activation polarization, using 1M TEABF4 /
AN.

∆q max [Cg−1 ]
∆q ir
ϕmax
Cre

[Cg−1 ]
[V vs. carbon]
[Fg−1 ]

380

500

987

1000

2000

3600

128
1.49
170

225
1.56
172

786
1.40
154

688
1.60
185

1663
1.64
186

3228
1.61
224

90 mV decreased activation reaction which consumes almost twice the amount of
charge. The first might be explained by the in general slightly smaller activation
potential of GOpr44 compared to GOpr43 and a possible further decrease due
to the smaller applied current. This by factor ten smaller current might be also
the reason for a activation reaction which is more charge consuming. Therefore,
this indicates a very slow activation reaction.
After the first potential plateau the potential increases further till reaching
the artificial potential plateau of the potential hold period. As expected the
discharge of the GOpr44 is again doubler layer like.
For a more detailed evaluation the specific capacitance was calculated from
GSC at 0.1 Ag−1 and a vertex potential of 1.5 V vs. carbon. For a better
comparison all derived information are combined in Table 9.6.
Comparing the values of the irreversible charge (∆qir ) and specific capacitance
(Cre ) with the results from the variation in vertex potential reveals a correlation
for both values. In case of the variation of the vertex potential an irreversible
charge between 100-300 Cg−1 resulted in a specific capacitance of approximately
165 Fg−1 (Table 9.4), which is comparable to the results from the GSC activation with 100-200 Cg−1 resulting in approximately 171 Fg−1 (Table 9.6). Even
in case of increased irreversible activation charges of 400-1000 Cg−1 , causing approximately 185 Fg−1 , these values could be reproduced by the GSC activation
with an irreversible charge of 700-1700 Cg−1 , resulting in 185 Fg−1 . Hence the
irreversible charge during the activation might be an indicator for the achievable
specific capacitance.
The calculated specific capacitance as a function of the irreversible activation
charge is plotted in Figure 9.25. Overall, all values follow the described trend
of increasing specific capacitance with increasing irreversible activation charge.

224

9.2. The electrochemical activation in organic electrolyte

Specific capacitance / Fg-1

240
220
200
180
160
140
120
100
100

1000
Irreversible activation charge / Cg-1

10000

Figure 9.25: Specific capacitance of GOpr43 (filled symbols) and GOpr44 (open symbol) as a function of the irreversible charge consumed during activation.
The values were calculated from GSC with 0.1 Ag−1 using 1M TEABF4
/ AN.

However, the measurement with a limited activation vertex potential is complete
out of line. Even though, almost 1000 Cg−1 are consumed during its activation
the resulting specific capacitance of 154 Fg−1 is approximately 20% smaller
than the 185 Fg−1 for the activation cosuming 1000 Fg−1 but without potential
limitation. Therefore it seems that both parameteres, the acitvation vertex
potential as well as the irreversible activation charge, have to be considered,
when describing the anodical activation reaction.
In total the results are indicating two subsequent activation reactions. The
first yields accessibility for ion insertion into GOpr and takes place at the defined
activation potential. Whereas the second activation reaction is taking place at
approximately 1.6 V vs. carbon and yields a further increase in the specific
capacitance by up 45%. This second activation reaction is either very charge
cosuming or is superimposed by the decomposition reaction of the electrolyte.
Hence, it is not possible to determine the exact amount of charge which is
consumed by the identified activation reactions.
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9.3. In-situ XRD study of the electrochemical activation
The characterization of the electrochemical activation reaction of GOpr revealed the activation reaction to promote an ion insertion process in-between
the graphene-like layers. Complementary the dilatometry measurements with
increasing activation vertex potential pointed out that the activation reaction
can cause an enlarged interlayer spacing (compare Table 9.5). Considering these
informations in-situ XRD was the method of choice to monitor the changes in
interlayer distance during the activation reaction.
The in-situ XRD characterization was performed at the Materials Science beamline (MS-X04SA) of the Swiss Light Source (SLS) of the Paul Scherrer Institute
(PSI) [245], utilizing a X-ray wavelength of 0.07085 nm. An automatic sample
changer [379] was employed for the measurements, allowing to continuously
perform the electrochemical characterization while the WEs of the test cells
are alternately investigated by XRD. Thus, the activation reaction of GOpr44
was examined by means of CV and XRD, employing 1M TEABF4 / AN and a
sweep rate of 0.06 mVs−1 .
In total four in-situ XRD characterizations of GOpr44 were performed, three
investigating the anodical activation reaction using an activation vertex potentials of 1.5, 1.8 and 2.0 V vs. CE and one of the cathodical activation reaction
with an activation vertex potential of -2.0 V vs. CE.

9.3.1. Baseline diffractogram
Prior to the in-situ XRD experiments a baseline diffractogram of the employed
electrochemical cells was recorded. Figure 9.26 displays the XRD patterns
of a fully assembled cell with and without WE. The comparison of these two
diffractograms is used to distinguish features related to the investigated GOpr
from the ones of the test cell setup. In case of the assembled cell without WE
(diffractogram in gray) the three most dominant features are the two broad
peaks at 2.4◦ and 10.3◦ 2θ, which might be related to the glass fiber separator
and in part to the activated carbon of the CE (compare Figure 6.11), and the
(200) diffraction of aluminum at 20.1◦ 2θ, which originates from the two 25 µm
aluminum windows.
The second diffraction pattern (black) shows the same assembled electrochemical
cell, but this time with the GOpr44 WE. In comparison to the first XRD spectra
there are 4 additional features visible. The GOpr44 itself exhibits two features
(denoted by asterisk) at 9.3◦ and 19.2◦ 2θ attributed to the (001) and (100)
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Figure 9.26: Two diffractograms comparing the diffraction pattern of the fully assembled in-situ XRD test cell with and without GOpr44, using a wavelength
of λ = 0.07085 nm. The features related to GOpr44 are denoted with
an asterisk.

reflex, respectively. In addition there is a contribution of PTFE at 8.2◦ 2θ and
a second aluminum peak (111), which might be either attributed to the carbon
coated aluminum current collector of the WE or the aluminum windows.

9.3.2. Anodical activation (AAV15)
The first in-situ XRD experiment to be discussed in detail is the anodical activation of GOpr44 with an activation vertex potential of 1.5 V vs. CE (AAV15).
The recorded series of XRD patterns, the electrochemical response as well as the
evolution of the interlayer distance are summarized in Figure 9.27. Figure 9.27b
shows the measured CV which features the expected anodical activation reaction.
Due to the small activation vertex potential the activation is dominated by the
activation peak at approximately 1.2 V vs. CE. The corresponding series of
XRD spectra is summarized in Figure 9.27a. Each diffractogram was taken at
certain potential and the respective potential values are denoted by symbols in
the CV (Figure 9.27b).
Previous to the activation reaction the first three diffractograms are showing
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Figure 9.27: In-situ XRD results for the anodical activation of GOpr44 with
ϕAAV = 1.5 V vs. CE. a) Series of diffraction patterns taken during the electrochemical characterization utilizing a wavelength of
λ = 0.07085 nm. b) CV of the activation cycle using 1 M TEABF4 / AN
with a sweep rate of 0.06 mVs−1 , all potentials are denoted where
diffractograms were taken. c) Change in interlayer distance d001 and
potential as a function of the time.
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pristine GOpr44 patterns with the (001) and (100) feature as discussed in
Figure 9.26. Going on to the fourth pattern, which was taken right after the
activation peak (Figure 9.27b), the visible features of GOpr44 reduce to only
the (100) diffraction, which looks less broadened and increased in intensity.
Thus, the electrochemical activation reaction seems to diminish the order in
Lc direction, indicated by the disappearance of the (001) diffraction, and to
reduce the turbostratic nature of the structure [280]. Going on to the next
spectrum, somehow the features are changing. The fifth pattern, which was
measured shortly after the vertex potential and thus is showing the electrode in
its maximum charged state, exhibits a new (001) feature evolved at an angel
of 3.5◦ 2θ indicating an increased d001 spacing of 11.59 Å. Compared to the
initial interlayer spacing of 4.43 Å this is an increase of approximately 160%.
Carrying on with the discharge sweep of the electrode this new (001) feature
reaches an intensity maxiumum before starting to shift to slightly higher angles
while loosing intenstiy. In the discharged state of the electrode, the potential
range of 0.5 to 0.0 V vs. CE, the (001), is almost diminished but still a small
bump seems to be recognizable at 4.9◦ 2θ which calculates to a layer spacing of
8.26 Å.
For the subsequent CV cycle the expected double layer like charging and
discharging behavior is present (Figure 9.27b). The corresponding XRD spectra
starts with an almost diminished (001) feature, which then gains intensity for
potentials above 1.0 V vs. CE. In the completely charged state the (001) peak
reached 3.4◦ 2θ (12.0 Å), but with the discharge it shifted back to 4.3◦ 2θ
(9.5 Å) while loosing its intensity.
Figure 9.27c summarizes the overall change in interlayer distance and potential as a function of time. It highlights the first jump in interlayer distance from
4.43 to 11.59 Å for potentials above 1.05 V vs. CE, followed by the subsequent
relaxation and expansion for the double layer like discharging and charging
resulting in a reversible change in d001 of approximately 3.3-3.8 Å.
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9.3.3. Anodical activation (AAV18)
With the second in-situ XRD measurement the parameters for the anodical
activation reaction were slightly changed. The anodical activation vertex potential was increased to 1.8 V vs. CE and the vertex potential for the subsequent
cycles was set to 1.5 V vs. CE.
Figure 9.28b displays the CV which was recorded during in-situ XRD and the
potentials at which diffractograms were recorded are indicated in the figure.
The respective evolution of the XRD spectra during the electrochemistry investigation is reproduced in Figure 9.28a. The important peaks to follow are
the interlayer spacing (001) of GOpr, having an initial reflex at 9.1◦ 2θ and the
structures developing around 3◦ 2θ. While the material before activation only
shows the initial (001) reflex, after passing the activation potential this reflex
completely disappears and is replaced by a new feature at 3.5◦ 2θ (11.70 Å),
which slightly shifts to lower angles and gains intensity.
After the complete activation cycle back to 0.0 V the (001) signal looses some
intensity and shifts to higher angles but recovers completely during the second
cycle. However, compared to the previous measurement AAV15 the electrode
exhibits a clearly visible (001) feature, even at the completely discharged state.
This might be explained with some kind of pillar formation, yielding an interlayer distance of approximately 13 Å.
Interestingly, during the transition of the activation neither the initial GOpr44
peak nor the new (001) feature are visible. At the same time the (100) reflex
around 19.5◦ 2θ changes from a rather broad structure to a sharp peak, indicating a transition from a turbostratic structure to none turbostratic structure
[280]. This behavior was also observed for the previous measurement of AAV15.
The correlation between electrode potential and position of the new (001)
peak as a function of time is visualized in Figure 9.28c. The interlayer spacing
increases from the initial 4.43 Å prior to the electrochemical activation to a
maximum of 14-15 Å after the activation. Even if the electrode potential is
reduced to around 0.0 V vs. CE, the observed layer distance only slightly
decreases to 13 Å. This demonstrates a somehow stable distance between the
graphene layers which is almost independent of the electrode potential. Thus,
the formation of some kind of pillars during the activation process may be a
possible explanation. The subsequent reversible expansion and relaxation of
the interlayer spacing is in the range of 1.5-2.0 Å and hence, by almost factor
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Figure 9.28: In-situ XRD results for the anodical activation of GOpr44 with
ϕAAV = 1.8 V vs. CE. a) Series of diffraction patterns taken during the electrochemical characterization utilizing a wavelength of
λ = 0.07085 nm. b) CV of the activation cycle using 1 M TEABF4 / AN
with a sweep rate of 0.06 mVs−1 , all potentials are denoted where
diffractograms were taken. c) Change in interlayer distance d001 and
potential as a function of the time.
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pristine GOpr44
a)

anodically activated GOpr44
c)

1 μm

b)
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d)
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Figure 9.29: SEM micrographs comparing pristine GOpr44 electrode with anodical
activated one. Prior to the SEM investigation both were treated in a
Soxhlet reactor with AN. The micrographs were taken with the InLens
detector using an acceleration voltage of 5 kV and a working distance
of 6.3 mm.

two smaller than observed for AAV15 (compare (Figure 9.27c).
After the electrochemical in-situ XRD characterization the activated GOpr44
electrode was prepared for additional SEM and TEM investigations by treating
it in a Soxhlet reactor, using AN to remove electrolyte remains [312]. The
morphology of the cleaned electrodes were then examined by SEM. Figure 9.29
compares SEM micrographs of a pristine GOpr44 with the anodically activated
GOpr44 (AA18), both treated in the Soxhlet reactor.
From the micrographs it is obvious, that the anodical activation of GOpr44
did not result in an exfoliation of the GOpr flakes. This is a contrast to the
typically observed exfoliation of graphite after intercalation of ion species from
organic electrolyte [314, 380]. It is evident, that even at high magnifications
(compare Figure 9.29b and d) the edge plane of the flakes were not distorted
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pristine GOpr44
a)

anodically acitavted GOpr44
b)

2 nm

2 nm

Figure 9.30: TEM micrographs comparing the edge plane of a pristine GOpr44
nanoflake with an anodically activated one.

due to an increase in layer spacing. Therefore, the anodical activation does not
seem to have an influence on the morphology of GOpr44.
In addition to SEM the activated GOpr44 was also examined by TEM.
Figure 9.30 compares the edge plane of pristine GOpr44 with the anodically
activated one. Form the direct comparison it seems that the layering order of the
activated GOpr44 is slightly more distorted than the one of the pristine material.
However, this might be also a result from the TEM sample preparation, which
induced mechanical stress on the materials.
Beside the qualitative information that the layering is preserved even after
activation, it is not possible to extract any quantitative information from the
TEM micrographs, as the tilting angle of the depicted flakes is not known.
Therefore it is not possible to calculate the interlayer distance from the presented micrographs.
The in-situ characterization of AAV18 was followed by the one employing an
anodical activation vertex potential of 2.0 V vs. CE. As the observed trends
are similar to the one of AAV18, the spectra of the AA20 are not outlined in
detail. Nevertheless it should be mentioned that AA20 exhibited a new d001
peak which was even more distinct than the one of AAV18. In addition to the
increased intensity the smallest observed angle of approximately 2.6◦ indicated
an even further increased layer spacing of about 16 Å.
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9.3.4. Cathodical activation (CAV20)
The last in-situ XRD measurement of GOpr44 investigated the cathodical
activation with an activation vertex potential of -2.0 V vs. CE (Figure 9.31).
In contrast to the three measurements of the anodical activation the third
diffraction pattern recorded for the investigation of the cathodical activation
coincided with the current peak of the activation reaction. Interestingly the
relevant diffractogram does not exhibit any obvious changes. Both, the initial
(001) as well as the broadened (100) features of pristine GOpr44 are still present.
Continuing with the negative potential sweep (Figure 9.31b) the fourth pattern
was recorded right after the activation current peak. Similar to the anodical
characterization, it features a new (001) diffraction signal at a smaller angle of
4.5◦ 2θ (8.94 Å). In addition also the (100) signal got more distinct, indicating
the transfer from a turbostratic to a non turbostratic structure [280].
For the further negative sweep the new (001) continuously shifts to smaller
angles, reaching a minimum angle of 3.4◦ 2θ (11.84 Å) close to the vertex
potential. After charge reversal (Figure 9.31b) the interlayer distance decrease
during the discharge sweep, but in contrast to the anodical activation of AAV15
the feature intensity does almost not decrease unless reaching the vertex potential at 0.0 V vs. CE. For the discharged state the new (001) reflex is almost
completely diminished and only a bump at 5.4◦ 2θ (7.58 Å) is left, which might
be identified as the (001) signal.
In the subsequent negative sweep the intensity of the (001) signal stays close
to the detection limit till reaching a potential of approximately -1.1 V vs. CE
where the (001) feature emerges again.
The overall expansion and relaxation behavior as a function of time is shown
in Figure 9.31c. Compared to the three measurements of the anodical activation
the cathodical one shows the largest reversible breathing, which is in the range
of up to 4.6 Å and thus almost three times the reversible expansion of AAV18
(compare Figure 9.28c).
After the in-situ XRD characterization the cathodically activated GOpr44
was also treated in a Soxhlet reactor to prepare the electrode for further
SEM characterization. As the micrographs (Figure 9.32) reveals, there is no
exfoliation or delamination of the GOpr flakes. Hence, also the cathodical
activation reaction preserves the morphology of the GOpr.
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Figure 9.31: In-situ XRD results for the cathodical activation of GOpr44 with
ϕCAV = -2.0 V vs. CE. a) Series of diffraction patterns taken
during the electrochemical characterization utilizing a wavelength of
λ = 0.07085 nm. b) CV of the activation cycle using 1 M TEABF4 / AN
with a sweep rate of 0.06 mVs−1 , all potentials are denoted where
diffractograms were taken. c) Change in interlayer distance d001 and
potential as a function of the time.
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pristine GOpr44
a)

cathodically activated GOpr44
c)
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Figure 9.32: SEM micrographs comparing pristine GOpr44 electrode with cathodically activated one. Prior to the SEM investigation both were treated
in a Soxhlet reactor with AN. The micrographs were taken with the
InLens detector using an acceleration voltage of 5 kV and a working
distance of 6.3 mm.

9.3.5. Comparison of the activation
The outlined in-situ XRD results for AAV15, AAV18, AA20 and CAV20 demonstrates that the activation reaction induces an irreversible increase in interlayer
spacing. Further, charging and discharging was identified to cause a reversible
change in interlayer distance and thus the measured specific capacitance originates from ion insertion in-between the graphene-like layers.
However, beside these qualitative information more quantitative data evaluation is required in order to compare the results with the previously described
electrochemical characterization of GOpr.
In order to classify the measured activation cycles it is necessary to normalize
the activation vertex potential from [V vs. CE] to [V vs. carbon]. For this
normalization the potential shift of the CE has to be subtracted from the cell
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Table 9.7: Summary of the activation charge values, the maximum reached potential
during the activation cycle and the changes in interlayer distance for the
anodical and cathodical activation of GOpr44 using 1M TEABF4 / AN
and a two electrode electrochemical cell.

∆q max
[Cg−1 ]

∆q ir
[Cg−1 ]

ϕmax
[V vs. carbon]

dmax
001
Å

d∗001
Å

∆d001
[%]

AAV15
AAV18
AA20

280
762
1423

91
481
1123

1.42
1.60
1.63

11.59
14.42
15.86

8.26
13.03
14.72

89
198
236

CAV20

394

80

-1.90

11.84

7.58

73

GOpr44

potential. As the CE has to provide the same amount of charge in order to
keep charge balance, the potential shift of the CE can be calculated by:
mW E · ∆qmax
(9.1)
mCE · CCE
with mW E and mCE are the mass of the active electrode material of WE
and CE, respectively, ∆qmax is the applied specific charge during the first
polarization sweep and CCE is the specific capacitance of the CE, which is
approximately 120 Fg−1 for the used YP17 CE. Subtracting the calculated
potential drift of the CE from the activation vertex potential of the CVs lead
to the maximum potential ϕmax of the WE (Table 9.7).
The calculated ϕmax values reveal that during activation both AAV18 and
AA20 reached approximately the same potential of 1.6 V vs. carbon, but in
case of AA20 the irreversible activation current was approximately twice the
one of AAV18.
∆ϕCE =

Based on the evaluation of the dilatometry experiments of the previous section, it stands to reason to evaluate the changes in interlayer distance as a
function of the applied charge (Figure 9.33). The similarities to Figure 9.21 are
obvious, as both graphs are showing exactly the same trends, even though the
values are derived from two different measurement techniques.
The plotted change in interlayer distance as a function of charge in Figure 9.33
reveals for the anodical activation again two subsequent reactions. The first
activation reaction consumed approximately 262-285 Cg−1 and resulted in an
increase of the interlayer distance to 11.3-11.7 Å (∆d001 = 6.9-7.3 Å), which is
observed for all three measurements. In case of AAV18 and AA20 this reaction
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Figure 9.33: Comparison of the change in interlayer distance d001 as a function of
the applied charge during the activation cycle, including the anodical
activations of AAV15 (yellow), AAV18 (red), AA20 (dark red) and the
cathodical activation CAV20 (blue).

is followed by a subsequent one which consumes more charge but has only little
effect on the interlayer distance. However, this second reaction seems to be
responsible for some kind of pillar formation, as the irreversible expansion of
the d001 is increased by more than factor two for both AAV18 and AA20.
These observations are confirmed by comparing the diffractograms of the
activated discharged GOpr44 with the pristine one (Figure 9.34). In case of
both AAV18 and AA20 a new distinct d001 feature is visible at small angles,
indicating a stable new interlayer distance. Compared to pristine GOpr44 the
new interlayer spacing is increased by approximately 200%. The origin of this
enlarged interlayer distance might be a formation of pillares during the described
subsequent charge consuming activation reaction.
In contrast AAV15 as well as CA 20 are showing only a very weak new d001
feature, which indicates an almost complete loss of alignment of the layers.
Additionally this new feature indicates only a moderate increased interlayer
distance of less than 90%.
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Figure 9.34: Diffractograms comparing the discharged electrodes of anodically activated GOpr44 AAV15 (yellow), AAV18 (red) and AA20 (dark red) with
the discharged electrode of cathodically activated GOpr44 CAV20 (blue)
with a pristine GOpr44 electrode (black). All features corresponding to
the GOpr are denoted with an asterisk. The XRD patterns were taken
with a wavelength of λ = 0.07085 nm.

To summarize, the in-situ XRD study of the activation cycle of GOpr44 using
1M TEABF4 / AN revealed new insights on the activation reaction as well as
on the charging mechanism of the activated GOpr44. However, due to the
small potential resolution of the measured diffractogram series (approximately
200 mV) it is not possible to achieve a more detailed view of the activation
reaction itself. The observation of a diminished (001) feature during anodical
activation somehow implies that the crystallinity in Lc is distorted during the
activation. A similar observation was reported by Oh et al. for the activation
of MCMB [268]. They observed the disappearance of the initial (001) peak but
were not able to identify any new d001 features.
Therefore, the outlined in-situ XRD characterization of the electrochemical
activation of GOpr not only proofs that the activation yields ion accessibility to
the interlayer space of the graphene layers, but it accentuated the formation of
a pillared graphene. Up to now, such pillared graphene frameworks were only
addressed in theoretical studies, modeling e.g. graphene pillared by SWCNTs
[381, 382]. These theoretical modeled structures predicted a stable interlayer

239

Chapter 9. The electrochemical activation

spacing which can be tuned in the range of 11-36 Å by introducing e.g. SWCNT
like pillars [383]. However, these theoretical works did not provide a feasible
strategy to synthesize such structures. On the one hand, neither an approach
by direct growing of CNTs on graphene [384] nor the pyrolization of silylated
GO [385] resulted in a highly ordered graphene framework as demonstrated
for activated GOpr. On the other hand an approach utilizing silica-pillared
MCMB resulted in an increased interlayer spacing of 12.4 Å, but was unsuccessful in increasing the specific capacitance above 100 Fg−1 [269]. Hence, the
electrochemical activation of GOpr using an anodical activation vertex potential
≥ 1.6 V vs. carbon might be the first successful proof of a crystalline graphene
matrix, having interlayer distances above 10 Å and capable to a specific capacitance of up to 200 Fg−1 .
In summary the investigation of the electrochemical activation of GOpr44
using 1M TEABF4 / AN revealed:
• The electrochemical activation reaction causes a modification of the GOpr
interlayer spacing d001 ;
• Due to the activation reaction the GOpr becomes less turbostratic;
• During the charging process the interlayer distance increases and therefore
ions are inserted between the graphene like layers;
• Discharging of GOpr causes a slight decrease of the interlayer spacing,
indicating an ion release from the bulk;
• A stable pillar formation can be facilitated for an anodical activation
having an activation vertex potential above 1.6 V vs. carbon.
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Figure 9.35: Comparison of the electrode expansion behavior (left) and the change
in interlayer distance (right) as a function of the potential during the
anodical activation of AAV18. The values are derived from dilatometric
and in-situ XRD measurements of GOpr44 using 1M TEABF4 / AN.

9.3.6. Comparing in-situ XRD with dilatometry
The comparison between Figure 9.33 and Figure 9.21 points out that the investigation of the activation reaction via dilatometry indicated already an increasing
interlayer distance which was verified by the in-situ XRD. Therefore it stands
to reason to evaluate the observed change in interlayer distance in a similar way
as the dilatometry results.
As a first example Figure 9.35 compares the dilatometric response (a) of an
anodical activation, having an activation vertex potential of 1.8 V vs. carbon,
with the relative change in interlayer distance as a function of the potential for
the in-situ experiment AAV18 (b). Even though, both graphs exhibit a different
y-axes scale, the qualitatively comparison reveals an almost identical expansion
behavior. Both, the change in expansion slope for potentials above 1.5 V, as
well as the shape of the reversible expansion for charge / discharge sweep is
reproduced by the 26 connected data points shown in Figure 9.35b.
Figure 9.36 reveals the same picture for the cathodical activation. The dilato-
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Figure 9.36: Comparison of the electrode expansion behavior (left) and the change
in interlayer distance (right) as a function of the potential during the cathodical activation of CAV20. The values are derived from dilatometric
and in-situ XRD measurements of GOpr44 using 1M TEABF4 / AN.

metric response (a) depicture exactly the qualitatively change in interlayer
distance (b). In both graphs, the activation reaction exhibits a different expansion slope as the subsequent charging and discharging of the electrode.
Both examples indicate that electrode expansion measured by dilatometry
is dominated by the change in interlayer distance within the individual GOpr
flakes. Therefore, this proofs that dilatometric characterizations are suitable to
describe qualitatively changes in d001 for GOpr, which are caused by either the
activation reaction or by the reversible breathing of the electrode due to charge
and discharge. Figure 9.37 puts this observation into perspective. On the one
hand the expansion of electrode matrix, consisting of GOpr44 flakes, Super P,
PTFE and void, can be probed by dilatometry. In case of an anodical activation
with ϕAAV = 1.8 V vs. carbon the overall irreversible expansion of electrode is
measured to be 39%. On the other hand, in-situ XRD gives an insight of the
changes in crystallinity. For the used example, the measured irreversible change
in interlayer spacing is about 200%, caused by some kind of pillar formation.
The discrepancy between the two techniques can be explained with the void
of the electrode matrix. Even though the GOpr44 flakes have an increased
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Figure 9.37: Comparison of the expansion behavior of GOpr44. The overall electrode
expansion is probed via dilatometry. It is caused by the increase in
interlayer spacing, which was verified by in-situ XRD.

interlayer distance in the activated state, most of this expansion is buffered by
the void and thus the measured electrode expansion is small compared to the
increase in d001 .
Nevertheless, this comparison proofs that dilatometry is a viable tool to probe
qualitatively the changes in interlayer distance of GOpr.
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9.4. Modeling the electrochemical activation reaction
According to the previous sections there are several parameters influencing the
electrochemical activation reaction and its impact on the achievable specific
capacitance of GOpr. The purpose of the following section is to correlate
the different investigated parameters and to propose a possible activation
mechanism.

9.4.1. Correlation of the influencing parameters
The investigation of the electrochemical activation reaction revealed that the
observed material modification of GOpr cannot be explained by one distinct
reaction. According to the results summarized before it is obvious that there
is the necessity to differentiate between the anodical activation reaction and
the cathodical activation reaction. Even though both of them result in a
modification of the GOpr yielding an increase in specific capacitance, they seem
to be based on different reaction mechanisms as well as being influenced by
different parameters.
Cathodical activation reaction
The cathodical activation reaction (CAR) can be electrochemically described as
an irreversible reduction reaction within the first negative polarization sweep.
In order to reveal the origin of this reaction, it is necessary to screen results
from different characterization experiments.
Figure 9.38 shows a radar diagram, correlating the interlayer distance with the
amount of hydroxide and epoxide groups per C8 , the activation potential, the
irreversible charge of the activation cycle and the achieved specific capacitance.
The chosen visualization emphasizes on the coherence between the interlayer distance and the functional oxygen groups, especially hydroxide. As
already noted in section 7.2 the amount of hydroxide groups is believed to
determine the interlayer spacing for GOpr. This is a reasonable assumption,
since also the increased interlayer distance of GO is caused by hydroxide groups
[123, 124, 276, 300].
In addition Figure 9.38 reveals a connection between the functional oxygen
groups and the activation potential as well as the achieved specific capacitance.
This is most clear for small interlayer distances (compare Figure 9.38 d001 : 3.35
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Figure 9.38: Radar graph of GOpr correlating the interlayer distance with the amount
of oxygen groups per C8 , the activation potential, the irreversible
activation charge and the achieved specific capacitance for the cathodical
activation of GOpr using 1M TEABF4 / AN. 100% at the axis equals
0.33 and 1.28 hydroxide and epoxide per C8, respecively, -2.27 V vs.
carbon, 71 Cg−1 and 193 Fg−1

/ 3.63 / 3.81 Å). For increased interlayer distances ≥ 4.05 Å the parameter
distributions become more narrow, beside the hydroxide groups. Thus, for large
interlayer distances there can be no obvious correlation found.
Additional this radar plot (Figure 9.38) emphasizes the decrease in negative
activation potential with increasing interlayer distance (compare Figure 9.1).
Since the interlayer distance is coherent with the hydroxide groups, the observed
decrease in activation potential might be as well a result of the enlarged quantity
of hydroxide. A possible explanation might be a synergetic effect caused by
the larger negative partial charge and the stronger polarizability of hydroxyl
compared to epoxide [386]. Hence, the larger partial charge and the possibility
to even form a negative charged oxygen (assuming hydrogen evolution), when
applying a negative potential, might attract the positive TEA+ ions and there-
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Figure 9.39: Radar graph of GOpr44 correlating the concentration of EMIMBF4 / AN
with the activation potential, the irreversible activation charge and the
achieved specific capacitance for the cathodical activation. 100% at the
axis equals -1.16 V vs. carbon, 251 Cg−1 and 199 Fg−1

fore, reduce the necessary activation potential.
Furthermore it seems that the amount of hydroxide groups not only correlates
with the activation potential but also with the resulting specific capacitance
and thus, indicating a more successful activation reaction. Considering absolute
values indicate that approximately a hydroxide concentration of 0.1 per C8 is
necessary to achieve specific capacitance values above 150 Fg−1 . Therefore, the
CAR might be a reaction involving hydroxide groups.
Having a closer look on the irreversible charge values reveals a relative narrow
distribution (60 ± 15 Cg−1 ). Even though slightly larger values are measured
for the more successful CAR, most of the consumed charge does neither seem to
be connected with the functional oxygen groups nor with the activation reaction.
Hence, the CAR is most likely not an irreversible chemical reduction reaction,
but might be related to an irreversible insertion of cations.
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Further investigations on the CAR using pure and diluted ionic liquids reveal
that the solvent is not necessary for a successful activation. This circumstance
is depicted by Figure 9.39, correlating the concentration of EMIMBF4 / AN
with the activation potential, the irreversible activation charge and the specific
capacitance. Beside the observed increase in specific capacitance from approximately 100 Fg−1 to above 150 Fg−1 (+50%) when adding small amounts of AN,
no further correlation between solvent and acitvation reaction can be observed.
Considering the large variation in molarity of EMIMBF4 , the observed changes
in activation potential and irreversible charge are minor. Hence it does not
seem that AN has an effect on the result of the CAR.
These observations are complementary to an investigation of the electrolyte
organization in carbon electrodes with NMR [373], including one sample which
showed an electrochemical activation-like behavior. The NMR characterization
of the charged state of the negative polarized carbon revealed only the presence
of TEA+ cations without any solvent (AN) or anions (BF−
4 ). Therefore it can
be concluded that AN is not participating in the CAR.
To summarize, the correlation of the different parameters revealed:
• The CAR shows a strong dependency on hydroxide groups;
• Neither epoxide groups nor the organic solvent (AN) seem to have an
influence on the CAR;
• The irreversible reduction reaction of the CAR consumes only minor
amounts of charge.
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Figure 9.40: Radar graph of GOpr correlating the interlayer distance with the amount
of oxygen groups per C8 , the activation potential, the irreversible
activation charge and the achieved specific capacitance for the anodical
activation of GOpr using 1M TEABF4 / AN. 100% at the axis equals
0.33 and 1.28 hydroxide and epoxide per C8, respecively, 1.49 V vs.
carbon, 715 Cg−1 and 191 Fg−1

Anodical activation reaction
The anodical activation reaction (AAR) can be described by an irreversible
oxidation reaction, which might be comprised of more than one reaction.
Similar to the CAR, the different investigated parameters are correlated for the
AAR. The radar plot of Figure 9.40 correlates the interlayer distance with the
amount of hydroxide and epoxide groups per C8 , the activation potential, the
irreversible charge of the activation cycle and the achieved specific capacitance.
In contrast to the CAR, there seems to be no obvious coherence between the
activation potential and the specific capacitance on the one side and the functional oxygen groups on the other side.
However, the AAR has to be somehow connected to the functional oxygen
groups, since even GOpr34 with the graphite like interlayer distance of 3.35 Å
exhibits a successful AAR. The only difference between GOpr34 and graphite is
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Figure 9.41: Radar graph of GOpr44 correlating the concentration of EMIMBF4 / AN
with the activation potential, the irreversible activation charge and the
achieved specific capacitance for the anodical activation. 100% at the
axis equals 1.91 V vs. carbon, 291 Cg−1 and 172 Fg−1

the presence of oxygen groups, especially epoxide. Hence, the decoration of the
graphene layers with epoxide might be the reason for the observed AAR and
the increase in specific capacitance.
Assuming the AAR to be a reaction involving epoxide groups might explain the
correlation between the increasing irreversible charges values with the raising
amount of epoxide.
Considering the characterization of the AAR with diluted EMIMBF4 indicates
that the irreversible activation current might not only be related to epoxide
groups but also to the employed solvent AN. In order to bring this into context,
Figure 9.41 correlates the concentration of the employed EMIMBF4 / AN with
the activation potential, the irreversible activation charged and the achieved
specific capacitance. From the graph it is obvious that the dilution of EMIMBF4
only correlates with the irreversible activation charge. Both the activation potential as well as the achieved specific capacitance do not seem to be connected with
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Figure 9.42: Radar graph of GOpr44 correlating the activation vertex potential
with the irreversible activation charge, the irreversible expansion, the
interlayer distance after electrochemistry and the achieved specific capacitance for the anodical activation of GOpr44 using 1M TEABF4 / AN.
100% at the axis equals 1037 Cg−1 , 53% expansion, 6.45 Å and 187 Fg−1

the dilution of EMIMBF4 , beside the first dilution step (compare Figure 9.41
EMIMBF4 : 6.48 / 6.14 M).
A more quantitatively evaluation reveals that already minor addition of AN
causes a drop in the activation potential of about 350 mV. At the same time
the irreversible charge is increased by approximately 50% and the specfic capacitance even by almost 200%. Additional dilution of the ionic liquid seems
to further enhance the oberserved irreversible reaction. For a concentration of
4.3M EMIMBF4 / AN the consumed irreversible charge has been increased by
600% compared to the bulk ionic liquid and the resulting specific capacitance
reaches a value of 170 Fg−1 (+500%).
This evidences that the organic solvent AN is participating in the AAR and
might be oxidatively decomposed in the reaction. However, the further increasing irreversible charge for highly diluted EMIMBF4 is not accompanied by a
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further increase of the resulting specific capacitance. Therefore, there might be
two superimposed oxidation reactions involving AN, one connected to the AAR
and one based on the anodical decomposition of AN [323, 387].
Additional insights on the AAR are given by Figure 9.42, connecting the
anodical activation vertex potential with the irreversible charge, the irreversible
electrode expansion, the measured interlayer distance d001 after electrochemistry
and the achieved specific capacitance. The resulting spider web-like radar graph
reveals an obvious correlation between all shown parameters and thus, emphasizes that the AAR could be quantified by the activation vertex potential and
hence, by the irreversible activation charge. It is obvious that with increasing
irreversible charge both the irreversible expansion of the electrode as well as
the ex-situ measured interlayer spacing after electrochemistry are continuously
increasing. Especially the change in d001 emphasizes that the irreversible current
is linked with some kind of pillar formation.
The correlated parameters led to the following conclusions:
• The AAR is neither influenced by hydroxide groups nor by the initial
interlayer distance of GOpr;
• Epoxide groups seem to participate in the AAR;
• The organic solvent AN seems to amplify the AAR;
• Both the activation vertex potential and the irreversible charge can be
used to quantify the AAR;
• A stable pillar formation can be facilitated with the AAR.
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9.4.2. A model for the electrochemical activation
Considering the performed characterizations on the activation of GOpr (section 9.2 and section 9.3) as well as results from literature, the following models
are proposed for the cathodical and anodical activation reaction of GOpr using
AN based electrolytes:
Model of the cathodical activation reaction
Up to now, the term ”cathodical activation reaction (CAR)” was used to generally describe the modification of GOpr upon the first negative polarization
which resulted in a double layer like charging and discharging behavior. In order
to derive a more precise definition of the CAR, the first polarization sweep for
GOpr44 using 1M TEABF4 / AN with a sweep rate of 1 mVs−1 is outlined in
Figure 9.43. In contrast to previous representations of the CAR the absolute
specific current is shown as a function of time. Due to the logarithmic scale of
the absolute specific current it is possible to depict the current change over the
whole sweep.
In the first region (I) of the activation sweep the current response follows
the charging of a double layer, reaching a specific current of approximately
10−3 Ag−1 . This double layer is formed at the basal and edge planes of the
GOpr44, which are both accessible for solvated TEA+ ions. Hence, the first
region is dominated by the double layer formation on the surface of the GOpr44
flakes, resulting in the expected specific capacitance of 1 Fg−1 for a SSA of
10 m2 g−1 .
The next 500 mV are attributed to region II of the activation sweep. For this
potential range the specific charge of the double layer increases by almost one
magnitude, resulting in approximately 10 Fg−1 . This increase might be either
explained by wetting of the electrode or with the utilization of defects and micro
pores of the GOpr44 flakes, which might be accessed by partially desolvated ions.
Reaching the transition between region II and III of the activation sweep,
the slope of the absolute specific current increases. This increase in current
can be attributed to an increasing number of ions contributing in the double
layer formation and hence, indicates an ion insertion into the GOpr44. Within
the next 250 mV the absolute specific current increases further and peaks at
a value of approximately 1 Ag−1 . This potential segment coincides with the
potential range where the interlayer distance increases from 4.43 to 8.94 Å (com-
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Figure 9.43: Model of the cathodical activation process, depicted with the specific
current as a function of time for the example of GOpr44.

pare Figure 9.31), which is in line with the assumed ion insertion. Hence, the
reached potential at the transition point from region II to III can be described
as the insertion starting potential (ϕIS ). The available free interlayer spacing
for ion insertion can be approximated from the measured d001 spacing. In a
first approximation the contribution of oxygen groups is neglected. Thus, the
minimum free diameter calculates by subtracting two times the carbon van
der Waals radius (1.7 Å) [388], whereas the theoretical maximum is calculated
by subtracting two times the covalent radius of carbon (0.75 Å) [388]. The
result is a slit-like pore with a diameter of 5.5-7.4 Å. Comparing this value
with the diameter of a solvated TEA+ ion of 10.6-13.0 Å [218, 219] reveals
that only a partially desolvated TEA+ can be inserted in-between the graphene
like layers. Hence, ϕIS is a measure for the minimum energy needed for the
insertion of TEA+ . This energy is needed one the one hand to increase the
interlayer spacing and on the other hand to partially desolvate TEA+ (solvation
energy approximately 2.2 eV [220]).
Further the activation potential ϕCA denotes the reduction potential of the
insertion process and the peak potential ϕpeak marks the potential at which
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the insertion current reaches its maximum. The appearance of such a current
maximum indicates either an insertion process or a reduction reaction.
Continuing with the potential sweep, region IV is dominated by a constant
current, which can be attributed to a double layer like charging process. This is
verified by the monitored change in interlayer distance to a maximum of 11.84 Å
which provides an increase in pore diameter to 8.5-10.3 Å for further double
layer formation.
Shortly after reaching the vertex potential (ϕCAV ), the current immediately
drops, indicating a fast charge reversal.
From the cyclic voltammetry (compare Figure 7.18 and Figure 7.20) as well as
from the in-situ dilatometry (compare Figure 9.21) and in-situ XRD (compare
Figure 9.31) it is known that after the first negative polarization sweep the charging / discharging behavior of GOpr44 is changed to double-layer-like. Therefore,
one of the observed current features has to be related to that modification. The
obvious choice is the current peak in region III, which is resulting on the one
hand in a double-layer-like charging behavior of GOpr44 and on the other hand
causes an irreversible increased interlayer distance to 7.58 Å. This new d001
value of 7.58 Å equals a pore spacing of approximately 4.2-6.1 Å, which seemed
to be kept open by some kind of pillars. These pillars are likely to be formed
during the observed irreversible reduction reaction.
The most likely origin of these pillars are irreversible inserted TEA+ ions, as
already suggested for the activation of pitch derived carbon [261].
Figure 9.44 displays the example of an irreversible inserted TEA+ ion, which
is screened by a negatively charged oxygen group, which might originated from a
hydroxide group by reduction of H+ to H2 . In this case, the ion bound between
O− and TEA+ would keep the cation into place. Alternatively the cation might
be also screened by a group of partially negative charged hydroxide groups.
This model would explain why the cathodical activation is observed as a reaction
for hydrogen rich GOpr, with a minor charge consumption, but at the same time
being independent of the electrolyte solvent. It also would explain the interlayer
distance of cathodically activated, discharged GOpr of 7.58 (Figure 9.44) which
is approximately the space needed for an intercalated TEA+ ion.
The small irreversible charge due to activation might indicate that only a few
”TEA+ ion pillars” are formed and thus the pillar density might be not enough
to produce a clear d001 feature. This would be in line with an in-situ XRD
characterization of the intercalation of TEA+ into graphite [244]. In this experi-
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Figure 9.44: Proposed pillar model for the cathodical activation based on an irreversible inserted TEA+ ion in-between two graphene-like layers, screened
by a negative charged oxygen group. The color code of the atoms is:
carbon in gray, oxygen in red, hydrogen in white and nitrogen in blue.

ment no increased layer spacing was observed and thus the intercalated amount
of TEA+ seemed to be insufficient for the formation of a distinct layer spacing.
To summarize, the proposed definition of the CAR for GOpr like materials
using 1M TEABF4 / AN is:
The cathodical activation reaction (CAR) is a potential driven insertion of
cations into a hydroxide rich GOpr, which is accompanied by an irreversible
reduction reaction yielding a non reversible increase in the layer spacing due to
anchoring of cations.
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Figure 9.45: Model of the anodical activation process, depicted with the specific
current as a function of time for the example of GOpr44.

Model of the anodical activation reaction
Similar to the CAR the term ”anodical activation reaction” (AAR) was used as
a description for the irreversible reaction taking place within the first positive
polarization. In order to develop a more sophisticated definition, the AAR will
be discussed in more detail using the example of the first positive polarization
of GOpr44 employing 1M TEABF4 / AN as shown in Figure 9.45. Plotting the
specific current with a logarithmic scale as a function of time allows to display
the complete current profile of the activation sweep.
As for the CAR the first two regions (I and II) of the positive sweep can
be described with a double layer formation. In region I only the basal and
edge plane contribute to the double layer formation, resulting in a specific
capacitance of approximately 1 Fg−1 . In the second region (II), it seems that
also defects and micropores are utilized to enhance the double layer formation,
which yields an increase in specific capacitance of up to about 10 Fg−1 .
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Reaching the transition between region II and III, which is at a larger potential
vs. carbon compared to the negative polarization (compare Figure 9.43), the current response raises by approximately 2 magnitudes and peaks at ϕpeak = 1.23 V
vs. carbon with a specific current of 1.42 Ag−1 . This observed increase in
current is attributed to an ion insertion process in-between the graphene-like
layers, and thus the transition point from II to III equals the insertion starting
potential (ϕIS ). According to in-situ XRD the ion insertion for region III is only
indirectly proven, as the initial d001 feature disappears, but no new increased
interlayer distance is determinable. Therefore, it is not possible to determine
how much space is available for ion insertion.
Going on with the activation sweep, the current reaches a plateau (IV),
where the sweep is clearly dominated by a double layer like charging process.
At this potential, the in-situ XRD reveals an increased interlayer distance of
11.70 Å. This new d001 spacing corresponds to a slit like pore with a diameter
of approximately 8.3-10.2 Å, which is in the range of the size of a fully solvated
BF−
4 ion (9.5-11.6 Å) [218, 219]. Hence, it seems that almost no desolvation is
taking place for the insertion of the anions.
A further increase of the potential results in a second raise in current, which
indicates a second irreversible oxidation reaction. After reaching the activation
vertex potential at ϕAAV = 1.8 V vs. carbon, the observed charge reversal is
rather slow and the observed oxidation reaction seems to continue for the first
400 mV of the back sweep. This indicates the oxidation reaction of region V to
be a Faradaic reaction. According to in-situ XRD this second oxidation reaction
is accompanied by a further increase in the interlayer spacing up to 14.42 Å,
which equals a pore diameter of 10.9-12.9 Å. However, this further enlargement
of the interlayer distance is only observed when the electrode potential is ≥1.6 V
vs. carbon during the activation sweep.
After the current reversal, the back sweep exhibits the expected double-layer
like behavior and hence, the observed oxidation reactions caused an irreversible
modification of the GOpr. Considering the information from in-situ dilatometry (compare Figure 9.21) and in-situ XRD (compare Figure 9.27 as well as
Figure 9.28) it stands to reason that the AAR is comprised of at least two irreversible oxidation reactions. As pointed out in the previous section the reagents
of these reactions are most likely the epoxide groups and the organic solvent AN.
From literature it is known, that AN can be oxidatively decomposed in the
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Figure 9.46: Proposed pillar model for the anodical activation based on a chemical
reaction between epoxide and acetonitrile: a) oxazole-like chemical
compound and b) oxazole-like chemical compound with polymerized
acetonitrile. The color code of the atoms is: carbon in gray, oxygen in
red, hydrogen in white and nitrogen in blue.
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presence of water or oxygen functionalities [323, 375, 387]. Hence, a reaction
with AN seems to be reasonable, even though it is difficult to identify the exact
reaction mechanism. Nevertheless, considering all observations two possible
reaction products will be discussed in further detail in order to propose a model
for the observations from region III and V (Figure 9.45).
The suggested irreversible reaction observed in region III is based on a potential
induced opening of one of the two carbon-oxygen-bonds of an epoxide group,
which is then reacting with AN to form an oxazole-like ring structure [389–391].
This hypothetical reaction product is depicted in Figure 9.46a. The oxazole-like
ring with a methyl group on top is orientated perpendicular to the graphene-like
plane and hence, it creates a somehow pillar stump of approximately 4.0 Å. The
formation of these oxazole-like groups can be attributed to an electrochemical
induced oxidation of AN [390] for potentials similar to those of region III (Figure 9.45).
In case of an activation vertex potential below 1.6 V vs. carbon, the anodically
activated GOpr would have these oxazole based groups raising up and down
from the graphene like layers. In the discharged state of GOpr, this would cause
a pillaring of the graphene like layers, yielding an increased interlayer distance
of approximately 8 Å. This model concept is supported by the results of the
in-situ XRD characterization of GOpr44. As an interlayer distance of 8.3 Å was
measured for the discharged GOpr44 after activation with an activation vertex
potential of 1.5 V vs. CE.
The second reaction, which might be also related to the activation, is taking
place at potentials larger than 1.6 V vs. carbon (Figure 9.45 region V). For
potentials above 1.6 V vs. carbon it is known that AN is decomposed when using
1M TEABF4 / AN and a carbon based electrode [311]. The main decomposition
product is believed to be polyacetonitrile due to potential induced polarization
of AN [323, 392]. In addition, also the formation of a BF3 -AN complex is
discussed in literature [375, 393]. Both reactions would provide an explanation
for the charge consuming nature of the observed oxidation reaction taking place
for potentials above 1.6 V vs. carbon.
However, according to the results from in-situ XRD as well as from investigations on the irreversible charge, this second activation reaction yields a further
increase in interlayer distance up to 13.03 Å, by a stable pillar formation, and
an enhanced specific capacitance of up to 224 Fg−1 (compare Table 9.6). Hence,
considering the above mentioned decomposition routes, the polymerization of
AN might be the most likely one.
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The proposed reaction product of such a polymerization is depicted in Figure 9.46b, showing a first AN polymerized to the methyl group of the oxazole-like
ring. Assuming only one attached AN, like depicted in Figure 9.46b, the pillar
stump would raise by about 6.5 Å above the graphene layer. Thus, two of these
oxazole-AN pillar stumps would yield a spacing of approximately 13 Å, which
fits to the 13.03 Å measured by in-situ XRD.
However, this second oxidation reaction might be as well superposition of several AN decomposing reactions, with one of them yielding a further increased
interlayer distance for the activated GOpr.
Overall the AAR for GOpr using AN based electrolytes might be described as:
The anodical activation reaction (AAR) is a potential induced insertion of
(partially) solvated anions into the interlayer spacing of an epoxide rich GOpr.
Within the first polarization the ion insertion causes a non reversible reaction
consuming epoxide and AN, which results in an irreversible pillar formation
which could be enhanced by a more oxidative potential due to a further reaction
of AN.
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Figure 9.47: Charging sweep of activated GOpr44 in 1M TEABF4 / AN plotted as the
cumulative specific charge, normalized to the carbon mass of GOpr44, as
a function of the potential for the anodically activated GOpr44 AAV15
(yellow) and AAV18 (red) as well as for the cathodically activated
GOpr44 CAV20 (blue). The dashed lines represent linear fits for the
progression of the cumulative specific charge within the potential range
of 0.2 to 0.6 V vs. carbon, for each of the three charging sweeps,
respectively.

9.4.3. Model of the double layer capacitance of GOpr
Beside the presence of an activation reaction also the achieved values for the specific capacitance of GOpr were a novelty for EDLC electrodes utilizing graphene.
Using the measured interlayer distances for the charged state of GOpr an idea
for the origin of the achieved specific capacitance will be proposed. For this
discussion, as well as for the model of the activation reaction, the example of
GOpr44 in combination with 1M TEABF4 / AN is used. To discuss the positive
polarization the GOpr44 was activated by either ϕAAV =1.5 V vs. carbon
(AAV15) or ϕAAV =1.8 V vs. carbon (AAV18). The negative polarization is
discussed for GOpr44 activated with ϕCAV =-2.0 V vs. carbon.
Figure 9.47 displays the charging sweep of activated GOpr44 for AAV15,
AAV18 and CAV20. It shows the cumulative specific charge, normalized to the
carbon mass of GOpr44, as a function of the potential. For the normalization to

261

Chapter 9. The electrochemical activation

the carbon mass both the epoxide and hydroxide mass contribution is subtracted
(compare Table 7.3). The resulting mass is a measure for the carbon framework
of GOpr44, which determines the SSA of the graphene-like layers (m2 g−1
carbon ).
In a first evaluation step, the progression of the charge was fitted by applying a
linear fit in the potential range of 200 to 600 mV. These linear fits are plotted
as dashed lines for the positive polarized AAV15 and AAV18 as well as for the
negative polarized CAV20.
Assuming that only the carbon of GOpr44 contributes to the specific capacitance as well as the absence of pseudo capacitance effects, the slope dq/dϕ of
the linear fits equals the initial specific capacitance of the respective GOpr44
(compare Equation 2.9). In case of AAV15 and CAV20 the value is almost
identical with 176 and 178 Fg−1
carbon , respectively, whereas for AAV18 it is larger
with 270 Fg−1
carbon (Table 9.8). Hence, the specific capacitance of both AAV15
and CAV20 seem to be based on the similar determining factors while AAV18
exhibits a different double layer charging mechanism.
In order to derive a model for the origin of the specific capacitance, the
in-situ XRD values of the fully charged electrodes are used to approximate
the available pore space. In case of graphene like domains, the maximum pore
diameter was calculated by subtracting the covalent radius of carbon (0.75 Å)
[388], whereas the minimum value is calculated by subtracting the van der
Waals radius (1.70 Å) [388] (compare Table 9.8 dpore,carbon ). However, also
considering the epoxide groups within GOpr44 the available pore volume might
even be smaller. The pore diameter for epoxide rich domains was calculated
from the measured interlayer distance by subtracting the position of the oxygen
above the graphene layer (approximately 1.09 Å [388]) as well as either the
covalent oxygen radius (0.66 Å) [388] for the minimum or the van der Waals
radius (1.52 Å) [388] for the maximum value. The resulting pore diameter are
summarized in Table 9.8.
Double layer formation of the negative polarization
According to the slope of the cumulative specific charge the negative polarized
GOpr44 exhibits an initial specific capacitance of 178 Fg−1
carbon . For potentials
more negative than -0.75 V vs. carbon the specific capacitance increases to a
value of approximately 221 Fg−1
carbon . This raise in capacitance might be partly
explained with a release of solvent molecules for increased negative potentials,
as observed for a similar system by Deschamps et al. [373]. Hence, it is expected
that in a fully charged state the interlayer volume is filled preferentially by TEA+
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Table 9.8: Summary of the maximum measured interlayer spacing d001 , the calculated
pore diameter, assuming either graphene or epoxide dominated areas, and
the specific capacitance of the charging sweep for the three investigated
GOpr44.

d001,charged
Å

dpore,carbon
Å

dpore,epoxide
Å

dq/dϕ
[Fg−1
]
carbon

AAV15
AAV18

11.6
14.4

8.2-10.1
10.9-12.9

6.4-8.1
9.2-10.8

176
278

CAV20

11.8

8.4-10.3

6.6-8.3

178

GOpr44

ions. Considering the pore diameter of 6.6-10.3 Å (Table 9.8) it is obvious that
only one layer of TEA+ ions fit in-between two graphene-like layers. Figure 9.48
shows a model of such a fully charged cathodically activated GOpr44. It depicts
the classic double layer formation at the edge plane, which is standing for the
BET determinable SSA of 10 m2 g−1 , as well as the double-layer formation
within the GOpr44, with TEA+ ions inserted into the interlayer spacing.
As every layer of cations is alternated by a graphene-like layer, only one side of
the graphene layer is utilized in terms of SSA. Assuming the calculated specific
capacitances of 178 and 221 Fg−1
carbon are dominated by the internal double
layer formation it is possible to estimate the specific interfacial capacitance of
the graphene-like layers. The specific interfacial capacitances of cathodically
activated GOpr44 layers are calculated by dividing the determined specific
capacitances by 1300 m2 g−1
carbon , which is approximately half the theoretical
SSA of graphene [67, 96]. This results in about 14 µFcm−2 and 17 µFcm−2
for the initial and final specific interfacial capacitance of the GOpr44 layers,
respectively. These values seem to be in good agreement with the measured
specific capacitance of the basal plane of graphite, with 12-16 µFcm−2 [147–149],
and the measured specific capacitance of single sided graphene, based on the
measurement of Xia et al. with 21 µFcm−2 [144].
Summarized, this model suggests that the double layer formation for inserted
TEA+ ions form one dense layer of cations and thus only 50% of the theoretical
SSA of graphene is utilized.
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Figure 9.48: Proposed model of the fully charged state of the negative polarization of
cathodically activated GOpr44 (CAV20) using 1M TEABF4 / AN. The
external double-layer formation is represented by the outer Helmholtz
plane at the edge plane of the GOpr44. Whereas the internal doublelayer formation is determined by the inner Helmholtz plane between
two graphene-like layers.

Double layer formation of the positive polarization
The comparison of the progression of the cumulative specific charges of the two
positive polarizations in Figure 9.47 indicates a different double layer formation
for AAV15 as for AAV18. From the slope of the linear fits the specific capacitances calculating to 176 and 278 Fg−1
carbon for AAV15 and AAV18, respectively,
and hence AAV18 exhibits an approximately 60% increased specific capacitance.
Considering the available pore spacing for the fully charged AAV15 of 6.410.1 Å it is obvious that there is enough space to build up a double layer even
with partially solvated BF−
4 ions. As discussed for the activation reaction for
GOpr (subsection 9.4.2), the presence of AN in a fully charged positive polarized
electrochemically activated carbon, was proven by NMR [373]. Hence, the fully
charged state of AAV15 can be modeled like shown in Figure 9.49.
It is obvious that the depicted model for the double layer formation of AAV15
is similar to the one of CAV20 (compare Figure 9.48). The only difference is,
that in case of AAV15 the internal double layer is formed by partially solvated
BF−
4 ions.
Even though the theoretical maximum of the free interlayer spacing of 10.1 Å
would allow two anions to be on top of each other, it is very unlikely. Hence,
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Figure 9.49: Proposed model of the fully charged state of the positive polarization
of anodically activated GOpr44 (AAV15) using 1M TEABF4 / AN. The
external double-layer formation is represented by the outer Helmholtz
plane at the edge plane of the GOpr44. Whereas the internal doublelayer formation is determined by the inner Helmholtz plane between
two graphene-like layers.

the ion arrangement in the interlayer spacing can be assumed to be one dense
layer of anions and solvent, where the ions are either located more to the top or
more to the bottom. Due to the assumption of only one ion layer, the utilized
surface area of the graphene-like layers is only 50% of the theoretical maximum
of graphene. Thus the specific interfacial capacitance of the GOpr44 for AAV15
calculates to approximately 14 µFcm−2 , similar to the inital specific interfacial
capacitance derived for CAV20.
Continuing with AAV18, it is obvious that in this case the available free
pore diameter is larger than that of AAV15 and CAV20. The calculated free
interlayer spacing is approximately 9.2-12.9 Å. Thus, even assuming the smallest
available spacing of 9.2 Å, there would be enough space to fit two BF−
4 ions on
top of each other. Such an anion arrangement is modeled in Figure 9.50, with
partially solvated BF−
4 ions forming two layers in-between the graphene-like
sheets. In this case both sides of the graphene-like layers are utilized for double
layer formation, which results in an utilized SSA close to the theoretical SSA of
graphene with approximately 2600 m2 g−1
carbon [67, 96]. Calculating the specific
interfacial capacitance of the GOpr44 layers results in approximately 11 µFcm−2 ,
which is 20% smaller than the values for AAV15 and CAV20. This discrepancy
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Figure 9.50: Proposed model of the fully charged state of the positive polarization
of anodically activated GOpr44 (AA20) using 1M TEABF4 / AN. The
external double-layer formation is represented by the outer Helmholtz
plane at the edge plane of the GOpr44. Whereas the internal doublelayer formation is determined by the two inner Helmholtz planes between
two graphene-like layers.

can be explained with the mathematical model of the interfacial capacitance
of graphene (Equation 3.4), which is based on a series circuit of the quantum
capacitance with the Helmholtz capacitance. Measurements of the quantum capacitance of graphene revealed, that in case of a double layer formation on both
graphene sides the quantum capacitance is reduced by approximately 60% [145].
However, this would lead to an even larger decrease in the specific interfacial
capacitance than observed for AAV18. Therefore also a second effect needs to
be taken into account. In case of an anion arrangment within two layers, ionic
repulsen would drive the anions closer to the graphen layer surface [394] and
hence reduce the thickness of the interlayer d. Since, the Helmholtz capacitance
(Equation 2.3) is proportional to 1/d, such an decrease would yield an increase
in the Helmholtz capacitance. Overall, the sum of these two effects, a decrease
in quantum capacitance as well as an increase in Helmholtz capacitance, would
explain the derived specific interfacial capacitance of 11 µFcm−2 for AAV18.
To summarize, the proposed model of the double layer formation for positive
polarized GOpr44 revealed, that dependend on the activation it is possible to
utilize both sides of the graphene-like layers with the employed electrolyte of
1M TEABF4 / AN. Even though, the model is based on several assumptions the
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derived specific interfacial capacitance values are reasonable and would explain
the observed capacitive behavior for GOpr.

9.5. Conclusions on the activation reaction
The presented chapter 9 focused on a detailed investigation of the electrochemical activation reaction of GOpr using 1M TEABF4 / AN. Combining the
information from a comprehensive electrochemical characterization with results
from in-situ dilatometry as well as in-situ XRD allowed to develop a elaborated model of the activation reaction. According to the proposed model the
electrochemical activation reaction is based on an irreversible reaction of the
functional oxygen groups of the GOpr with either the inserted ions or the solvent.
This reaction lead to an increase in interlayer distance and even to a stable
pillar formation. Further, it was shown that after activation the double layer
formation took place by inserted ions arranged in a mono / bilayer in-between
the graphene-like strata. Such an ion arrangement would yield approximately
50% and 100%, utilization of the theoretical graphene SSA for the formation of
a monolayer and bilayer, respectively.
Especially the prove of a stable pillar formation caused by the electrochemical
activation reaction distinguishes the presented study from all others reported in
literature [261, 265, 266, 268, 269, 304, 368–373]. According to the proposed
model, activated GOpr is by now the only pillared graphene-like framework
which might come close to the theoretical models of pillared graphene [381–383].
As in the theoretical model [383], GOpr yields slit-like pores of one distinct
diameter. The calculated pore diameters of activated GOpr are in the range of
6.4 to 12.9 Å, depending on the applied activation protocol as well as on the
used approximation.
Studies, on carbon materials with narrow pore size distributions around 10 Å
revealed that these materials have an increased specific interfacial capacitance
[72, 74, 374]. In case of characterizations on carbide derived carbons with pore
diameters in the range of 6-8 Å the normalized specific interfacial capacitance
reaches values between 10 to 14 µFcm−2 , which is about factor three larger than
the expected interfacial capacitance of approximately 5 µFcm−2 as reported by
Chmiola et al. [74]. This increase in interfacial capacitance was explained by
the partially solvation of ions which form a double layer in subnanometer pores
and thus, cause an increase in the Helmholtz capacitance due to a reduction
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of the double layer thickness [374]. As a result it was proposed, that the pore
size needs to be in the range of the ion diameter in order to yield an enhanced
interfacial capacitance [72, 395].
Even though activated GOpr in general is not comparable with carbide derived
carbons and other microporose carbon materials [73, 396], it also features subnanometer pores. Comparing the achieved specific interfacial capacitance values
of activated GOpr (11-14 µFcm−2 ) reveals approximately the same trend like
observed for carbide derived carbons [74].
Finally, GOpr in 1M TEABF4 / AN was not the only material electrolyte
combination investigated in this thesis, which showed an electrochemical activation reaction within the first polarization sweep. Although, these observed
electrochemical activation reactions were not studied in full detail, it is reasonable to assume that they are based on the same principle, as for GOpr with
1M TEABF4 / AN. Hence, a more general definition of the electrochemical activation is presented to account for possible variation in electrolyte and electrode
material:
The electrochemical activation reaction is a potential induced insertion of
(partially) solvated ions into the interlayer spacing of an epoxide / hydroxide rich
carbon material consisting of graphene-like layered domains. Within the first
polarization the ion insertion causes a non reversible reaction between the oxygen
groups and the ions / solvent of the electrolyte. This electrochemical induced
reaction results in an irreversible pillar formation within the layered domains,
causing an increase in interlayer distance. Due to the irreversible expansion
of the interlayer spacing it is possible to form a double layer in-between the
graphene-like layers, which yields an increased specific capacitance.
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Chapter 10.
General conclusions
10.1. Graphene based electrode materials for EDLCs
This thesis summarized a particularized material characterization of graphite
oxide and graphene oxide based electrode materials for electrochemical double
layer capacitors (EDLC) utilizing aprotic electrolytes. The outlined study
included a detailed investigation of the morphology, physical and chemical
properties of the employed novel materials. Further the materials were electrochemically examined to determine application relevant properties. The results
of this comprehensive material characterization can be summarized as:
• Partially reduced graphite oxide (GOpr), a chemically modified expanded
graphite, was synthesized by thermal reduction of graphite oxide. Depending on the maximum reduction temperature, the GOpr exhibits different
chemical compositions (C/O ratio: 5.5-16.5). These chemical compositions
are related to the decoration of the graphene-like layers by functional
oxygen groups as epoxide and hydroxide. Due to the oxygen functionalities
the interlayer distance of GOpr can be increased compared to graphite
by up to 1.2 Å (3.35 ≤ d001 ≤ 4.47 Å). The morphology of the GOpr is
similar to the precursor graphite and thus, both the specific surface area
(10-15 m2 g−1 ) as well as the density (1.91-2.07 gcm−3 ) are in the same
range. Overall, GOpr can be described as oxygen rich graphene-like layers
stacked to macroscopically particles.
• Application relevant properties like the specific capacitance of the material and the rate handling capability were determined by electrochemical
characterizations. The electrochemical studies were performed using
polymer (either PTFE or PVDF) bound electrodes of 100-200 µm thickness with the common organic electrolytes of 1M TEABF4 / AN and
1M TEABF4 / PC. During the first polarization of GOpr, the material exhibited an electrochemical activation reaction which yielded an increase in
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the ion accessibility of the GOpr particles. Therefore, despite of its small
specific surface area , GOpr achieved specific capacitance values of up to
220 Fg−1 , depending on it’s activation. First experiments on a material
symmetric GOpr full cell revealed a competitive specific capacitance of up
to 195 Fg−1 . Normalized on the cell level, this would be approximately
49 Fg−1 and thus, the energy density would be approximately 50 Whkg−1 ,
assuming a cell voltage of 2.7 V. Normalized on the device level this would
yield approximately 13 to 17 Whkg−1 , considering a mass contribution
of the active material to the full cell of around 1/4 to 1/3. Therefore,
the utilization of GOpr in EDLCs would lead to an increase in energy
density of at least 30 to 70% compared to state of the art values of about
10 Whkg−1 . However, an even larger increase in energy density would be
possible by increasing the cell voltage to 3 V or above.

• In addition to organic electrolytes, GOpr was also characterized using
aprotic lithium electrolytes like 1M LiClO4 / AN, 1M LiClO4 / PC and
1M LiPF6 / EC:DMC. These measurements revealed that GOpr has a high
affinity to store and release lithium ions, resulting in specific capacitance
values of up to 324 Fg−1 (207mAhg−1 ) and 634 Fg−1 (511 mAhg−1 ) for
employing 1M LiClO4 / AN and 1M LiPF6 / EC:DMC, respectively. Thus,
GOpr is a promising candidate for the negative electrode of so called
”lithium-capacitors”, as it provides up to 56 and 137% of the theoretical graphite capacitance (372 mAhg−1 ), using the capacitor electrolyte
1M LiClO4 / AN and the battery elecrolyte 1M LiPF6 / EC:DMC, respectively.

• Figure 10.1 compares the achieved specific capacitance for the GOpr43
full cell using 1M TEABF4 / AN (violet squares), the specific capacitance
of the positive polarized GOPpr44 using 1M TEABF4 / AN (open red
triangles), as well as the specific capacitance of negative polarized GOpr
electrode employing 1M LiClO4 / AN (open blue diamonds) with specific
capacitance values of graphene electrodes reported in literature (compare Table 3.1 and Table 3.2) using either aqueous (light gray circles) or
aprotic (gray circles) electrolytes. This comparison reveals GOpr to be
competitive if not superior to most of the so called ”graphene electrodes”
characterized for EDLC applications. In case of the lithium electrolyte,
GOpr even achieved the highest specific capacitance measured for an
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Figure 10.1: Comparing GOpr43 full cell measurement in 1M TEABF4 / AN (n),
GOPpr44 single electrode characterization in 1M TEABF4 / AN (s)
as well as a GOpr43 single electrode characterization with LiClO4 / AN
(u) with specific capacitance results of graphene based EDLCs from
literature (l) with either aqueous (light gray) or aprotic (dark gray)
electrolyte.

aprotic capacitor electrolyte.
• Partially reduced graphene oxide paper (GOPpr) was based on thermally
reduced graphene oxide paper which was assembled by a flow directed
filtration of a aqueous graphene oxide dispersion. The GOPpr had a
flexible membrane / paper like macroscopically morphology with a thickness of less than 30 µm. It consisted of overlapping graphene-like sheets
with a distinct interlayer distance. Electrochemical characterization with
the organic electrolyte 1M TEABF4 / AN revealed a similar activation
reaction like for GOpr. The anodical activated GOPpr exhibited a comprehensive specific capacitance of up to 199 Fg−1 . Hence, GOPpr is a
suitable candidate for the positive electrode of flexible high energy EDLCs.
• Partially reduced graphene oxide paper composites (cGOPpr) were a combination of GOPpr with carbon nanostructures like multi walled carbon
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nanotubes, onion like carbons and nanodiamonds. They yielded a proof
of concept for the use of graphene thin-film composite electrodes, which
could improve the performance of GOPpr.

10.2. Producing graphene frameworks via electrochemical
activation
The electrochemical characterization of GOpr, GOPpr and cGOPpr revealed
that all these materials exhibiting an electrochemical activation during their first
polarization. After the activation all investigated materials showed an increased
specific capacitance. In order to understand the nature of the electrochemical
activation reaction it was studied in detail using the example of GOpr in
combination with the organic electrolyte 1M TEABF4 / AN:
• A combined in-situ dilatometry and in-situ XRD study on GOpr determined the electrochemical activation reaction to be an insertion of ions
in-between the graphene like layers accompanied by a pillar formation.
This pillar formation resulted in an irreversible increase of the interlayer
distance. As part of the discussion a hypothetic model was developed in
order to explain the origin of the pillars. This model is based on a potential
induced reaction of the electrolyte with the functional oxygen groups of
the GOpr. Hence, this thesis provides an elaborate model explaining the
activation reaction which was also observed for other oxygen rich graphitic
carbons.
• Electrochemically activated GOpr was proven to consist of a pillared
graphene structure. Measurements of discharged activated GOpr electrodes revealed a new interlayer distance between 7.6 and 14.7 Å. On the
one hand this increased interlayer spacing gave a reasonable explanation
for the observed increase in specific capacitance. On the other hand it
revealed a feasible strategy to synthesize pillared graphene.
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This pioneering work on partially reduced graphite / graphene oxide based
materials has clearly shown the advantages of these materials for the use in
EDLC. Within the time frame of this work the potential of these materials was
even highlighted in literature:
”It is still arguable if such a material (GOpr) should be called ’activated
graphite’ or ’multi-layered graphene’, but it is clearly one of the most promising
materials for EDLC reported to date” [50].
Therefore, it is strongly recommended to continue the work on partially
reduced graphene / graphite oxide materials. Based on the achieved results of
this thesis the following further investigations are recommended:

1. Material optimization:
• Tailoring the amount as well as the kind of the oxygen functionalities
within GOpr / GOPpr and thus, tune the active centers on the graphene
surface for the electrochemical activation.

• Doping of the GOpr / GOPpr graphene-like layers with heteroatoms (e.g.
nitrogen) in order to increase the charge carrier density, and thus, increase
the performance of the EDLC.

• Achieving a chemically pillared GOpr /GOPpr. This might be achieved
by intercalation of suitable reactive molecules into graphite oxide which
tend to spontaneously react with the functional oxygen groups .
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2. GOpr and GOPpr as active electrode material for EDLCs:
• Optimizing the conditions of the electrochemical activation reaction in
a full cell assembly. A feasible strategy might be a variation of the electrode mass (mass asymmetric electrodes), a variation in electrode material
(material asymmetric electrodes), a variation in electrolyte (electrolyte
mixtures) or an improvement of the electrochemical activation protocol.

• Utilization of either two anodically or two cathodically activated GOpr /
GOPpr electrodes in a full cell assembly. This might yield an increase in
the full cell performance.

• Investigation of lithium capacitor full cells utilizing GOpr for the negative
electrode and a battery material for the positive electrode employing
either 1M LiClO4 / AN or 1M LiPF6 / EC:DMC.

• Characterization of the aging behavior of GOpr / GOPpr full cells, in
order to determine the stability of the material and the maximum voltage
window. This can be done by e.g. potential hold experiments.

3. Investigation of pillared graphene
• Examination of the structure of activated GOpr / GOPpr via NMR, using
the example of 1M TEABF4 /AN. One feasible strategy might be to
perform the anodically activation with 13 C labeled AN, to verify if it
reacts with the epoxide groups. Whereas for the cathodically activation it
stands to reason to label the TEA+ with 13 C, to prove if TEA+ forms
pillars. Another possibility would be to either use 13 C enriched graphite
as precursor for the graphite oxide or a 17 O labeled chlorate in order to
get 17 O functionalities within the graphite oxide.

• Investigation of suitable electrolyte additives which may yield an improved
pillar formation.
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• Study of the physical and chemical properties of pillared graphene.
• Screening of pillared graphene for other types of application e.g. H2 gas
storage
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List of abbreviations and symbols
Abbreviations
BET

Brunauer, Emmett, Teller method for evaluation of gassorption
isotherms

CDE

Charge- / discharge-efficiency

CE

Counter electrode

CV

1) Cyclic voltammetry (technique)
2) Cyclic voltammogram (graph)

EC

Electrochemical capacitor

EDLC

Electrochemical double layer capacitor (supercapacitor / ultracapacitor)

EDX

Energy dispersive X-ray spectroscopy

EES

Electrical energy storage

FTIR

Fourie transform infrared spectroscopy

FWHM

Full width half maximum

GSC

1) Galvanostatic cycling (technique)
2) Galvanostatic charge / discharge cycles (technique)
3) Galvanostatic cycles (graph)

HET

Heterogeneous charge transfer

IHP

Inner Helmholtz plane

LM

Light microscope

NMR

Nuclear magnetic resonance spectroscopy

OHP

Outer Helmholtz plane

QRE

Quasi reference electrode

RE

Reference electrode

SW E / SCE

Sense of the working and counter electrode, respectively

SEM

Scanning electron microscopy

SLS

Swiss Light Source, synchrotron of the Paul Scherrer Institut
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TEM

Transmission electron microscopy

WE

Working electrode

XRD

X-ray diffraction

Chemical compounds
AN

1) Acetonitrile (as solvent)
2) 1M TEABF4 / AN (as electrolyte)

BF−
4

Tetrafluoroborat anion

BMIMBF4

1-n-butyl-3-methylimidazolium tetrafluoroborat

BMIMPF6

1-n-butyl-3-methylimidazolium hexafluorophosphate

ClO−
4

Perchlorate anion

DEC

Diethylcarbonate

DMC

Dimethylcarbonate

EC

Ethylencarbonate

EMIM+

1-ethyl-3-methylimidazolium cation

EMIM-NTf2

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amid

EMIMBF4

1-ethyl-3-methylimidazolium tetrafluoroborat

EPDM

Ethylene-propylene-diene-monomer

H2 SO4

Sulfuric acid

H3 PO4

Phosphoric acid

HNO3

Nitric acid

KCl

Potassium chloride

KClO3

Potassium chlorate

KMnO4

Potassium permanganate

KOH

Potassium hydroxide

Li+

Lithium cation

LiClO4

Lithium perchlorat

LiPF6

Lithium hexafluorophosphat

NaClO3

Sodium chlorate

NMP

N-mehtyl-2-pyrrolidon
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PC

1) Propylene carbonate (as solvent)
2) 1M TEABF4 / PC (as electrolyte)

PEEK

Polyether ether ketone

PF−
6

Hexafluorophosphate anion

PTFE

Polytetrafluoroethylene

PVDF

Polyvinylidene difluoride

PYR14 TFSI

N-butyl-N-methylpyrolidinium bis(trifluoromethanesulfony)imide

TEA+

Tetraethylamonium cation

TEABF4

Tetraethylamonium tetrafluoroborat

Carbon materials
cGOPpr

Partially reduced graphene oxide composite paper

CNT

Carbon nanotube

GO

Graphite oxide

GOP

Graphene oxide paper

GOPpr

Partially reduced graphene oxide paper

GOpr

Partially reduced graphite oxide

MCMB

Mesocarbon microbeads

MWCNT

Multi walled carbon nanotube

MWCNTcGOPpr

Partially reduced graphene oxide / multi walled carbon nanotube
composite paper

ND

Nanodiamond

NDcGOPpr

Partially reduced graphene oxide / nanodiamond composite paper

OLC

Onion like carbon

OLCcGOPpr

Partially reduced graphene oxide / onion like carbon composite
paper

SFG44

Synthetic flaked graphite with average diameter of 44 µm

SFG6

Synthetic flaked graphite with average diameter of 6 µm

SuperP

Carbon black

SWCNT

Single walled carbon nanotube

YP17

Activated carbon
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Symbols
χ

Mole fraction [arb. unit]

∆d001

Change in interlayer distance

∆hir

Irreversible electrode expansion [%]

∆hmax

Maximum electrode expansion [%]

∆hre

Reversible electrode expansion [%]

∆qir

Irreversible charge of the activation sweep [Cg−1 ]

∆qmax

Maximum charge of the activation sweep [Cg−1 ]



Relative permittivity

F

Fermi energy [ev]

κx

Slope of the electrode expansion as a function of the specific charge
[%/Cg−1 ]

µ

Dipole moment [Cm−1 ]

ν

Sweep rate [Vs−1 ]

π/π ∗

π bonding and antibonding molecular orbital

ρ

Density [gcm−3 ]

σ/σ ∗

σ bonding and antibonding molecular orbital

σ

Electric conductivity [Scm−1 ]

σx

Charge density [Ccm−2 ]

τ

Carbon burn off [%]

ϕAN

Electrode potential using an acetonitrile based electrolyte [V]

ϕP C

Electrode potential using a propylene carbonate based electrolyte
[V]

ϕH

Expansion starting potential [V]

ϕx

Potential [V]

ϕAAV

Anodical activation vertex potential [V]

ϕAA

Anodical activation potential [V]

ϕACV

Anodical cycle vertex potential [V]

ϕCAV

Cathodical activation vertex potential [V]

ϕCA

Cathodical activation potential [V]
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ϕCCV

Cathodical cycle vertex potential [V]

LD

Debye length

n0

Charge carrier density

vF

Fermi velocity (approximately 108 cms−1 )

A

Interface area [cm2 ]

Cx

1) Capacitance [F]
2) Specific capacitance [Fg−1 ]
3) Specific interfacial capacitance [Fcm−2 ]

d

Double layer thickness [Å]

d001

Interlayer spacing of turbostratic planes [Å]

d002

Interlayer spacing of graphite [Å]

dpore

Pore diameter [Å]

i

1) Current [A]
2) Specific current [Ag−1 ]

La

Crystallite domain size in a-direction [nm]

Lc

Crystallite domain size in c-direction [nm]

M

Molar mass [gmol−1 ]

m

Mass [g]

R

Resistance [Ω]

spx

s-p-hybrid molecule orbital

SSA

Specific surface area [m2 g−1 ]

T

Temperature either in [K] or in [◦ C]

t

Time [s]

Ux

Voltage [V]

V

Volume [cm3 ]

z

Charge number of the ion

Constants
0

Permittivity of free space (8.854 · 10−12 Fm−1 )

~

Reduced Planck’s constant ~ (1.055 · 10−34 Js)

kB

Boltzmann constant (1.381 · 10−23 JK−1 )
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e

Elementary charge (1.602 · 10−19 C)

F

Faraday constant (96 485 Cmol−1 )

Na

Avogadro constant (6.022 · 1023 mol−1

R

Universal gas constant (8.315 Jmol−1 K−1 )
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R. Kötz, Graphene layers supported by partially pyrolized nanodiamonds: a
suitable composite material for supercapacitor electrodes?, in PSI Electrochemistry Laboratory – Annual Report 2012, edited by F. Büchi, C. Gloor, R. Kötz,
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• M. M. Hantel, A. Platek, T. Kaspar, R. Nesper, A. Wokaun, and R. Kötz, Investigation of diluted ionic liquid 1-ethyl-3-methyl-imidazolium tetrafluoroborate
electrolytes for intercalation-like electrodes used in supercapacitors, Electrochim.
Acta, 2013, DOI: 10.1016/j.electacta.2013.04.032.
• M. M. Hantel, T. Kaspar, R. Nesper, A. Wokaun, and R. Kötz, Partially reduced
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Graphite Oxide as an Electrode Material for Electrochemical Double-Layer Capacitors. Chem. Eur. J., 18(29):9125-9136, 2012.
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